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Abstract 
Inkjet printing of ceramic components and gold conductive tracks was carried out in this 
study. 
A commercial inkjet printer, designed for printing one layer of 2D images on paper, was 
modified to give adequate resolution, to reverse the substrate for overprinting many 
layers and to accommodate the increase in thickness of 3D components during printing. 
Ceramic inks were prepared by wet ball milling and printed to form 3D structures. The 
powders used were alumina, zirconia, lead zirconate titanate (PZT) and barium titanate. 
The substrate used for printing the ceramic parts was an overhead transparency. Methods 
to stop or reduce ink flow were devised and used during printing of the ceramic parts. 
The alumina and zirconia powders were used for the fabrication of multi-layered 
laminates. The lead zirconate titanate was used to fabricate components with pillars, 
walls, vertical channels and x-y-z channel network. During printing of the x-y-z channel 
network, carbon was used as a support structure and then removed during firing. Barium 
titanate and carbon powders were used to form the first storey of a capacitor with a 
multi-storey car park structure. 
The printed parts were pyrolysed and fired in an oxidising environment and then 
characterised with scanning electron microscopy. The causes of micro structural defects 
found were discussed and prevention methods suggested. 
Organic gold powder was dissolved in methanol and then printed on three different 
substrates to form conductive gold tracks. The substrates used included alumina, glazed 
tile and microscope glass slides. The printed tracks were fired in air. The decomposition 
characteristics of the organic gold compound were studied with TGA and Differential 
Scanning Calorimetry (DSC). Scanning electron microscope was used to examine the 
fired gold film for defects and conductivity measurement of the tracks was carried out 
with a programmable multimeter. 
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Chapter 1. Introduction 
Chapter 1. Introduction 
1.1. Background to the project 
Materials manufacturing has evolved through human history by getting more advanced 
in terms of machinery and the materials used. However the need for part specific tooling 
to manufacture components still limits the freedom of producing complex parts and 
functional components. This limitation comes in terms of the cost of manufacturing and 
the time taken to prepare the tooling. Therefore, for the conventional methods of 
manufacturing such as casting and machining, the selected technique is only cost 
effective for medium or large scale production as the cost of modifying or acquiring new 
tooling can not be justified for small or batch production. However batch production is 
often needed to test new designs for a rapid change of market needs and to address the 
needs of niche markets. 
During the past two decades, new manufacturing techniques known as Solid 
Freeforming (SFF) or Layer Manufacturing (LM) have emerged. These methods make 
components by adding material in a layer by layer fashion rather than removing 
material. The main benefit of these techniques is that they do not require part-specific 
tooling and operations can be easily automated. Any change in design can be rapidly 
made and this shortens the time needed from a design concept to a prototype component. 
Other benefits include more design freedom and minimised material waste. For these 
reasons, SFF is increasingly used as a rapid prototyping technique specially for making 
moulds and dies needed for the manufacture of metallic parts. 
In the last few years, inkjet printing has been explored as a solid free-forming technique 
by fabricating materials with it. In polymers, fabrication of microlens has been reported 
[Kiehl et al. 1998; Danzebrink and Aegerter, 1999]. Also doped polymers for light 
emitting devices have been fabricated by inkjet [Hebner et al. 1998]. In metal and 
ceramic processing, a number of different types of powder have been suspended in 
liquid and then used for forming both 3D ceramic parts and thin metallic films [Xiang et 
al. 1997; Dupuis et al. 1996; Mott et al. 1999a; Hong and Wagner, 2000]. 
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The powders used included titanium dioxide, alumina, zirconia and compounds of 
palladium and copper. 
The objective of this research project was to further the understanding of inkjet printing 
as a solid freeforming technique by fabricating components of intricate structural details 
in order to assess its capability and limitations. 
1.2. Outline of thesis 
After this introductory chapter, the relevant literature is reviewed in chapter 2. As this 
research work is focused on the use of inkjet printing in materials processing, especially 
ceramics, chapter 2 begins with ceramic processing. Then the major solid freeforming 
techniques are reviewed. This is followed by inkjet printing and ceramic inkjet printing. 
Chapter 3 deals with experimental details which are common to subsequent chapters. 
Chapter 4 is about printer modification and characterisation. The effects of ink 
characteristics, substrate used and printing mode on the quality of material deposition 
were studied. 
The fabrication of different structures, using a range of materials, was studied in 
Chapters 5 to 8. Chapter 5 describes the fabrication of alumina and aluminalzirconia 
laminates with strips or tapes of varying thickness. Chapter 6 considers the fabrication of 
Lead Zirconate Titanate (PZT) components of intricate shapes. The components formed 
include walls and pillars of ascending size, vertical or z-channels of increasing sizes and 
x-y-z channel network. Chapter 7 describes the forming of the dielectric part of a multi- 
layer BaTiO3 capacitor using BaTiO3 ink and fugitive carbon ink. 
Chapter 8 discusses the inkjet printing of conductive gold tracks using organic gold 
compound. In chapter 9, macro and micro-structural defects that were discovered in 
inkjet printed ceramic components are presented. This chapter discusses, in greater 
depth, the defects reported in chapters 5-7. 
Chapter 10 is conclusions and suggestions for further work. In this chapter the desired 
characteristics of a dedicated ceramic inkjet-printing machine are described. 
2 
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2.1. Introduction 
Materials science involves investigating the relationship between materials composition, 
microstructure and their properties. This provides the basis for materials engineers to 
design or engineer the structure of a material through appropriate materials processing 
methods to produce desired properties. 
Solid engineered materials have been conveniently grouped into three basic 
classifications: metals, polymers and ceramics (Figure 2.1). This scheme is based 
primarily on chemical composition and atomic structure, and most materials fall into one 
of these three although there are some intermediates [Callister, 97, p. 5]. 
Manufacturing operations of engineering materials can be generally classified into 
primary and secondary processes. Primary processes usually refers to the conversion of 
raw materials (minerals, ores, crude oils etc. ) into refined materials and secondary 
processes are generally understood to mean the conversion of the products from the 
primary operation into semi-finished or finished parts [Beddoes and Bibbley, 1999, p. 4]. 
In this review, only the secondary processes are considered. During processing, 
materials may go through complex chemical or physical changes involving chemical 
reactions, heating, cooling, grinding, machining and deformation to achieve required 
properties, shape, dimensions or surface finish. In this work, the term "materials 
processing" refers to the process of making a three-dimensional part and will be used 
interchangeably with fabrication or forming. 
The properties of materials play an important role in the selection of a suitable 
fabrication method. For example melt casting which a common forming method for 
metals is normally impractical for ceramics because of their high melting temperature. 
Likewise blow moulding which is used in the manufacture of polymers can not be used 
for most metals. 
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Chapter 2. Literature review 
The properties of materials can be grouped under three major categories: chemical, 
physical and mechanical. 
Chemical properties are material characteristics that relate to the structure of a material 
and its formation from its constituent elements. These properties are usually measured in 
a laboratory and include composition, microstructure, phases, grain size, corrosion 
resistance, molecular weight, flammability, chemical resistance, porosity and crystal 
structure [Budinski and Budinski, 1999, p. 25]. 
Physical properties are characteristics of materials that relate to the interaction of these 
materials with various forms of energy and with other forms of matter. The energy 
acting on a material may derive from force fields (gravitational, electric, magnetic), 
electromagnetic radiation (heat, light, x-rays) or high-energy particles. The response of a 
material to these various types of interaction, generally referred to as its physical 
properties, are governed by the structural arrangement of atoms, ions, and molecules in 
the material [Smallman and Bishop, 1995, p. 175]. These properties include density, 
melting point, thermal, magnetic, electrical, optical and colour. These properties can 
usually be measured without destroying or changing the material. 
Mechanical property is the response or deformation of a material to an applied load or 
force. Some important mechanical properties are strength (tensile or shear), hardness, 
ductility, stiffness and toughness [Callister, 1997, p. 109]. 
The way a material is processed depends on, to a large extent, the chemical nature of it. 
A wide range of conventional processing technologies for each group of materials has 
been developed throughout the history of human civilisation and they are still the 
backbone of industrial materials processing. Yet the advance in modern technologies, in 
particular in computer technology, has made it possible to process materials in many 
new ways. Inkjet printing (IJP), which is one of the technologies known as Solid Free 
Forming (SFF), has been shown to have a great potential in the processing of materials 
and in manufacturing components difficult to fabricate by the conventional technologies. 
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This chapter will describe ceramic processing with emphasis on the conventional 
powder route ceramic processing. Then the commercially available SFF techniques will 
be reviewed. This will be followed by inkjet printing and ceramic inkjet printing. 
2.2. Processing of ceramics 
Chemically, ceramics are non-metallic, inorganic materials with the exception of carbon. 
Intrinsically, ceramics usually have high melting point and are therefore generally 
described as highly refractory. They are also hard, brittle and chemically inert. 
Ceramics have been produced since 6000 B. C. [Ring, 1996, p. 8]. The earliest ceramic 
articles were made from naturally occurring raw materials [Richerson, 1992, p. 374]. It 
was found that clay minerals become plastic when water was added and could be 
moulded into shapes. The shape could then be dried in the sun and hardened in a high 
temperature firing [Richerson, 1992, p. 374]. These ceramic products are often referred 
to as traditional ceramics. They include pottery, structural clay products and clay-based 
refractories. Cements, concrete and glasses are also normally included in traditional 
ceramics [Rahaman, 1995, p. 1]. The applications of traditional ceramics include white- 
wares (dishes, enamels), heavy clay products (sewer pipe, brick, pottery), construction 
(brick, plaster, concrete), abrasive products (grinding wheels, milling media) and glass 
[Richerson, 1992, p. 375]. 
Another group of ceramics is normally made from much-refined naturally occurring 
minerals and synthetic materials. This group is normally referred to as advanced 
ceramics and can be subdivided into structural ceramics and functional ceramics 
[Dirksen and Ring, 1989]. Applications of functional ceramics include electrical, 
magnetic, electronic, and optical while structural ceramics are used for their mechanical 
properties for both low and high temperature purposes such as engine parts, tools and 
high performance thermal insulators. 
Ceramics are fabricated by a variety of methods which can be broadly grouped into three 
categories based on the starting material, namely, gas-phase reactions, liquid precursor 
6 
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methods and fabrication from powders [Rahaman, 1995, p. 5]. The powder route 
fabrication is the most widely used for the manufacturing of ceramic parts. 
The gas phase reaction and liquid precursor methods will be briefly described and 
emphasis will be focused on the powder route fabrication techniques to which this work 
is closely related. As the properties of a ceramic component made by powder route are 
influenced by all the stages from power preparation, formulation with processing 
additives, forming and sintering, additional attention and more detailed descriptions will 
be given to the key factors in each of these stages. 
2.2.1. Gas-phase reactions 
The category of methods based on the use of gaseous starting materials can involve 
reactions between gases, between a gas and a liquid or between a gas and a solid 
[Rahaman, 1995, p. 6]. The most important technique in this category is chemical vapour 
deposition (CVD) where the desired material is formed by chemical reaction between 
gaseous species [Rahaman, 1995, p. 6]. Gas-phase reactions ceramic fabrication 
techniques also include directed metal oxidation and reaction bonding techniques. 
Chemical vapour deposition (CVD) - this is a well-established technique that has been 
used for the production of thin films, thick films and monolithic bodies [Rahaman, 1995, 
p. 6]. For most of the ceramics made in this method, the constituents of the precursors 
exist in the form of heavy molecular gases or volatile liquids such as halides, hydrides 
and organo-metallics which can be dissociated into highly reactive fragments by 
providing photon, electron or thermal excitation [Budhani and Bunsheh, 1990]. The 
process basically consists of introducing one or more gases into a chamber such that one 
and possibly more of the resultant reaction products would be a solid under the reaction 
conditions utilised [Rice, 1990]. Typically, the reaction conditions are at reduced 
pressures and elevated temperatures ranging from a few hundred to nearly 2273K [Rice, 
1990]. The temperature used for CVD deposition can be divided into two regimes. 
Those done below 1273K utilise organo-metallic precursors whereas those depositions 
conducted above 1273K utilise inorganic precursors [Rice, 1990]. 
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Directed metal oxidation - the directed metal oxidation fabrication method involves 
reactions between a gas and a metallic liquid. Here a molten metal is oxidised by a gas 
exposed to it. The molten metal normally contains additives which prevent it from 
forming a protective oxide layer [Rahaman, 1995, p. 9]. The reaction products continues 
to grow at a rate of a few centimetres per day until the desired thickness is obtained 
[Rahaman, 1995, p. 9]. 
Reaction bonding - in reaction bonding, the reactions are normally between a gas and a 
solid. This method is mainly used for the formation of Si3N4 and SiC bodies [Rahaman, 
1995, p. 10]. In the production of Si3N4, silicon powder is made into a billet form by 
conventional ceramic powder forming methods and then is preheated in argon at nearly 
1473K. After that it is machined if necessary and then heated in N2 gas at temperatures 
in the region of 1473-1673K at which reaction bonding occurs to produce reaction- 
bonded silicon nitride (RBSN) [Rahaman, 1995, p. 10]. 
2.2.2. Liquid precursor methods 
In these methods, a solution of metal compounds is converted into a solid body. Sol-gel 
and polymeric precursors are the most common starting materials. 
Sol gel - is a liquid precursor method that has attracted a great deal of interest since the 
mid-1970s [Rahaman, 1995, p. 11]. The earliest routes for forming ceramics from so]-gel 
solutions involved the precipitation of metal oxide particles from solutions [Ring, 1996, 
p. 340]. These sol-gel solutions are true colloidal suspensions (a sol) and upon 
destabilisation of this sol, aggregation takes place and a rigid network (a gel) is formed 
[Ring, 1996, p. 340]. The starting material solutions may be made from a variety of 
chemical systems which include metallo-organic, polymeric, and ionic solutions. The 
chemistry chosen dictates the physical characteristics of the gel produced such as its 
structure and the density distribution in the gel network [Ring, 1996, p. 340]. Three broad 
classifications based on the physical properties of the precursor solution can be made: 
(1) sols that are colloidally destabilised to form an aggregate network, (2) true solutions, 
and (3) solutions that polymerise to form a network [Ring, 1996, p. 340]. The network 
8 
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formed in the true solutions case results from simultaneous precipitation and 
aggregation. 
Polymer pyrolysis - in this method, nonoxides of mainly Si3N4 and SiC are produced by 
pyrolysis of suitable polymers [Rahaman, 1995, p. 15]. This technique involves 
polymerisation reactions in liquid solutions and the ceramic body is produced after 
pyrolysis of the polymerised material. The amount of ceramic product obtained after 
pyrolysis of the polymer can be anywhere from 20-80% depending on the chemistry of 
the polymer [Rahaman, 1995, p. 15]. 
2.2.3. Conventional powder route ceramic processing 
Ceramic powder processing methods are used to fabricate most advanced ceramics 
[Kellett and Lange, 1990]. They involve powder manufacture, preparation of the powder 
for consolidation, consolidation of the powder into a shape and densification [Kellett and 
Lange, 1990]. Post-sintering heat treatments can develop specific microstructures to 
optimize certain properties. 
2.2.3.1. Ceramic powder preparation methods 
The first step in ceramic processing involves powder preparation. It is vital for the final 
product that the powder is of the highest quality and therefore initial powder preparation 
must be carefully controlled. In general terms, the powder required will have a small 
primary particle size of the order of 0.5-5µm, a narrow, mono-modal size distribution 
and be free of both weakly bonded agglomerates and strongly bonded aggregates 
[Cannel and Trigg, 1990]. 
Several methods are used for the preparation of ceramic powders. These methods can be 
divided into two categories: (1) mechanical methods and (2) chemical methods 
[Rahaman, 2000]. 
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2.2.3.1.1. Mechanical methods 
In the mechanical methods, small particles are produced from larger ones by 
comminution, a process involving operations such as crushing, grinding and milling 
[Rahaman, 2000]. Powders of traditional ceramics are generally prepared by mechanical 
methods from naturally occurring raw materials. The comminution processes of crushing 
and milling are widely used in ceramic processing to reduce the average particle size of 
a material and to liberate impurities. They are also used to reduce the porosity of 
particles, to modify the particle size distribution, to disperse agglomerates and 
aggregates, to reduce the maximum particle size and to modify the shape of particles 
[Reed, 1995, p. 313]. 
Different types of particle size reduction equipment are used depending upon the type of 
material and its initial and desired particle size distribution [Ring, 1996, p. 96]. Primary 
crushers such as jaw and cone crushers, which produce compression and shear stress, are 
commonly used individually or in series to reduce the size of coarse feed to an average 
size of about 5mm [Reed, 1995, p. 313]. Crushing rolls may be used to reduce less coarse 
feed to below 1mm. In a hammer mill, rotating hammers pulverise particles of brittle but 
relatively soft material and force fine ones through the openings of a circular screen 
[Reed, 1995, p. 313]. A hammer mill is capable of producing a large reduction in size 
down to about 0.1 mm. 
Common mills used for grinding ceramic materials are ball mills, vibratory mills, 
attrition mills, fluid energy mills and roll mills [Reed, 1995, p. 314]. By far the most 
common mill for fine particle size is a ball mill [Ring, 1996, p. 100]. Here material is 
continuously fed to grinding media that are in constant motion, tumbling one over 
another. The impact of balls (media) against each other grinds the material trapped 
between them. A fluid energy mill consists of high-speed jet of particle-laden gas that 
impinges on either another jet directed in the opposite direction or on to a hard wall. 
Particles are broken by the impact of high-speed collision. The fluid energy mills are 
able to produce very fine powders because with this method all the energy is absorbed 
by the particles to be communited and none is lost to other grinding media [Ring, 1996, 
p. 100]. 
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2.2.3.1.2. Chemical methods 
A wide range of chemical methods exists for the preparation of ceramic powders. These 
methods are generally broken into three categories [Ring, 1996, p. 140]. 
" Solid phase reactants, 
" Liquid phase reactants or 
" Gas phase reactants. 
Solid phase reactants (calcination) -a solid is reactant in two general types of powder 
synthesis reactions. One type is a fluid-solid reaction where the fluid is either a liquid or 
gas. The other type is solid-solid reaction. In solid phase reaction synthesis, there are 
three types of chemical reactions: oxidation or reduction of a solid, thermal 
decomposition of a solid and solid state reaction between two types of solid [Ring, 1996, 
p. 141]. Fluid-solid reactions include thermal decomposition of minerals, roasting 
(oxidation) of sulphide ores, reduction of metal oxides with hydrogen, nitridation and 
carburisation of metals [Ring, 1996, p. 147]. An example is the decomposition of 
magnesium carbonate to produce magnesium oxide [Rahaman, 1995, p. 54]. 
MgCO3 (s) -* MgO (s)+ Coe (g) (2.1) 
Solid-solid reactions proceed by two different mechanisms. One mechanism is solid 
interdiffusion, where the two solid state reactions interdiffuse at the points of powder 
particle contact. The second mechanism is not truly a solid-solid state reaction. It entails 
the vaporisation of one of the reactants and then reaction of this vapour with the other 
solid [Ring, 1996, p. 166]. The reaction between two (or more) types of solid is 
frequently practised to produce multi-component ceramic powders such as BaTiO3 
[Rahaman, 1995, p. 54]. 
BaCO3 (s)+Ti02 -> BaTiO3(s)+CO2 (g) (2.2) 
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Liquid phase reactants - there are two general routes for the production of powdered 
material from a solution: (a) evaporation of the liquid and (b) precipitation by adding a 
chemical reagent that reacts with the solution [Rahaman, 1995, p. 59]. 
" Evaporation : Spray drying and spray roasting are liquid evaporation methods. Here 
the feed material is either a concentrated salt solution, a powder suspension or a gel 
solution [Ring, 1996, p. 308]. Spray drying is commonly used in ceramic processing 
to achieve a uniform, free-flowing powder [Richerson, 1992, p. 409]. A spray drier 
consists of a conical chamber that has an inlet for hot air. The powder to be spray- 
dried is suspended in a slurry and then the slurry is fed into the spray dryer through 
an atomiser and is swirled around by the hot air circulating in the conical spray dryer 
chamber [Richerson, 1992, p. 409]. The fluid evaporates and the powder forms into 
roughly spherical, soft agglomerates. The size of the spray-dried powder varies from 
30 to 250µm depending on the design of the spray dryer, feed rate, gas flow, fluid 
flow and fluid viscosity [Richerson, 1992, p. 409]. Spray roasting is just an extension 
of spray drying to higher temperatures where decomposition of the spray dried salt 
occurs after evaporation of the solvent [Ring, 1996, p. 330]. 
" Precipitation: The main reason for using precipitation to make ceramic powders is 
that it gives a pure solid product, rejecting most of the impurities to the supernatant 
[Ring, 1996, p. 180]. In addition, with precipitation, the particle morphology and size 
distribution can be controlled to some degree. The precipitation of powders involves 
nucleation and growth from a supersaturated solution. The most common method of 
making a solution become supersaturated to induce nucleation and growth is reactive 
precipitation where a chemical reaction produces an insoluble species [Ring, 1996, 
p. 180]. 
Gas phase reactants - gas phase reactions provide an approach in which the physical 
characteristics of ceramic powders are controlled by precipitation processes in the gas 
phase. Vapour phase reactions have been used to prepare a variety of oxide and non- 
oxide ceramic powders of both amorphous and crystalline materials exhibiting low 
amounts of volatile material and extremely high purity [Riman, 1994]. Vapour phase 
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reactions typically form 0.1µm agglomerates having primary particles in the range of 5- 
lOnm [Riman, 1994]. 
Several techniques that have been exploited in vapour phase reactions are flames, 
furnace, lasers (CO2) and plasmas (direct current) [Rahaman, 1995, p. 82; Ring, 1996, 
p. 255]. In these techniques, molecular or atomic species undergo reactive chemistry to 
form momomeric vapour species that supersaturate in the gas phase to form precipitates 
[Riman, 1994]. Gases with a high axial velocity are introduced into a high temperature 
reaction zone in a reactor where the gases achieve critical supersaturation and produce a 
large number of nuclei per unit volume [Ring, 1996, p. 256]. These nuclei can then grow 
by either the incorporation of other product molecules one by one or by agglomeration 
with other particles. As the particles move further down into the reactor, the rate of 
particle growth by aggregation decreases until a steady state diameter is reached [Ring, 
1996, p. 258]. This decrease in growth rate is caused by the depletion of reactant or 
cooling down of the reactant gases to decrease the reaction rate. When the particles are 
cooled below their melting point, they no longer stick on collision effectively stopping 
particle growth by aggregation [Ring, 1996, p. 258]. 
Ceramic powders produced in gas phase reactions include sub-micron, spherical pigment 
grade titania by flame synthesis of titanium tetrachloride with oxygen or steam [Reed, 
1995, p. 61; Ring 1996, p. 260]. 
TiC14 (g) + 2H20(g) --> Ti02 (s)+ 4HC1(g) (2.3) 
Also Silicon nitride powder was produced from silicon tetrachloride and ammonia by a 
plasma technique [Reed, 1995, p. 61 ]. 
3SiC14 (g)+ 4NH3 (g) -> S13N4 
(s)+ 12HC1(g) (2.4) 
2.2.3.2. Characterisation of ceramic powders 
The practical performance of a ceramic component, the microstructure of the ceramic 
part and powder behaviour during processing are strongly dependent on the physical and 
chemical characteristics of the starting powders [Malghan et al. 1994]. The choice of the 
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starting powder characteristics depends on the intended microstructure and application 
of the final ceramic component. 
The major physical properties of ceramic powders constitute size and size distribution of 
both primary particles and agglomerates, density, specific surface area, porosity, 
morphology and the state of agglomeration [Malghan et al. 1994]. 
2.2.3.2.1. Particle sizing and size distribution 
Ceramic powder generally consists of particles of different size distributed over a certain 
range. Higher packing densities can be achieved if the particle size is not uniform. This 
enables the finer particles to fill in the holes between the larger ones [Mutsuddy and 
Ford, 1995]. Small particles (0.1µm or less) sinter to give smaller grains and hence a 
stronger ceramic piece. Also, because they are less affected by gravity, small particles 
are easy to disperse in solvents and result in shorter sintering time compared to coarser 
particles. Ceramic powders are almost never mono-sized particles. For a powder with a 
narrow size distribution, the length mean diameter or arithmetic mean may be used to 
give a description of the particle size near which most of the particles lie. However, the 
mean particle size of a powder does not describe the range of particle sizes in a 
distribution. Therefore to fully describe a size distribution requires a way to depict the 
ranges of particle sizes in the distribution. For a powder of relatively narrow distribution, 
a normal (Gaussian) distribution may be used to describe it. If, however, a powder 
contains a wide range of particle sizes, a log-normal distribution may accurately describe 
its measured distribution [Adair et al. 1984]. The mean particle size of a powder may be 
measured by various methods including number (length mean diameter or arithmetic 
mean), volume mean and surface mean [Ring, 1996, p. 52]. The mean particle size 
measured by these different methods is different depending on the method used. 
Therefore reporting a mean size without reference to the statistical used is unhelpful. 
There are several different techniques that are used for measuring particle size. These 
include sieves, sedimentation, electro-zone sensing, microscopy and light scattering 
[Rawle, 2000]. Light scattering and microscopy are the methods mostly used in research. 
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Microscopy is a fairly straightforward technique that offers the advantage of direct 
measurement of the particle size coupled with simultaneous observation of the particle 
shape and the extent of agglomeration [Rahaman, 1995, p. 105]. However since a 
relatively few particles are examined, there is a real danger of unrepresentative sampling 
[Rawle, 2000]. Optical microscopes can be used for particles sizes down to nearly 1 µm 
and electron microscopes can extend this range down to Inm [Rahaman, 1995, p. 105]. 
Instruments based on light scattering employ a laser beam to radiate particles in a stream 
and the resulting scattered light is analysed to obtain size distribution data [Malghan et 
al. 1994]. Therefore liquid suspensions and emulsions are measured in a re-circulating 
cell. This gives high reproducibility and enables the use of dispersing agents and 
surfactants for the determination of primary particle size [Rawle, 2000]. 
2.2.3.2.2. Density 
Theoretical, true and tap densities are three types of densities associated with ceramic 
powders. Theoretical density is determined by atomic composition and lattice 
parameters. Tap density is determined by measuring the volume of a known mass of 
powder after the volume receptacle is tapped or vibrated under specified conditions. 
Therefore, tap density provides a relative measure of fill density or degree of 
compactibility of the powder [Malghan et al. 1994]. In the determination of true density, 
a powder volume of a known mass is deduced from the volume of gas displaced. This 
method known as pycnometry uses inert gas of small molecule in order to penetrate the 
small pores of the powder particulates and agglomerates. 
2.2.3.2.3. Specific surface area (SSA) 
The specific surface area is the surface area of the particles per unit mass or volume of 
material [Reed, 1995, p. 126]. SSA is important in ceramic fabrication because it is used 
to determine the amount of surfactant needed to induce adequate dispersion of a given 
powder. The most commonly used SSA measuring techniques for fine powders are 
permeametry and gas adsorption according to the Brunauer, Emmet, and Teller (BET) 
equation [Malghan et al. 1994]. The permeametry apparatus consists of a chamber for 
placing the material to be measured and a device to force fluid through the powder bed. 
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The pressure drop and rate of flow of fluid across the powder are measured and related 
to an average particle size and surface area [Malghan et al. 1994]. In the BET method, 
the volume or mass of adsorbed gas as a function of partial pressure is measured 
[Malghan et al. 1994]. 
2.2.3.2.4. Porosity, morphology and agglomeration 
Many natural mineral particles, calcined aggregates and soft agglomerates contain pore 
interstices, microfissures, and pores [Reed, 1995, p. 123]. Sometimes it is necessary to 
characterize quantitatively the porosity and pore size distribution of a powder. Porosity 
in a powder can include both closed and open pores. Mercury intrusion porosimetry 
(mercury porosimetry) is commonly used to determine the porosity of powders and 
ceramic compacted bodies [Rahaman, 1995, p. 118]. In this method, a sample holder is 
partially filled with the powder, evacuated and then filled with mercury using pressure. 
Then the volume of mercury intruded into the sample is measured as a function of the 
applied pressure [Rahaman, 1995, p. 118]. 
The morphological analysis of particles constitutes the measurement of size, shape and 
texture which describes the surface profile of a particle image [Malghan et al. 1994]. 
The primary methods of morphological analysis are microscopy techniques. Ceramic 
particles can be spherically shaped (equiaxed), or they can be in the form of fibres or 
platelets and each shape has a different packing characteristics. Round particles have 
been shown to have the highest packing densities [Mutsuddy, 1995, p. 28]. 
In ceramic powders, the primary particles are usually considered to be grains, which for 
synthetic powders usually lie in the sub-micron range. These can easily adhere to each 
other forming secondary clusters, which are often formed during precipitation or 
processing [Pugh, 1994]. Clusters can build up to larger units or agglomerates which can 
extend several microns in size and usually are composed of a network of interconnected 
pores. These agglomerates may be soft due to their bonding which is attractive van der 
Waals forces or capillary forces and hence can be easily broken down into primary 
particles. Other types of high-strength agglomerates (know as aggregates) are hard to 
break down due to their bonding caused by chemical reactions, fusion, calcination or 
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drying during manufacture [Pugh, 19941. Ceramic powders have different levels of 
agglomeration. 
Agglomerates must be broken down otherwise they will lead to heterogeneous packing 
in the green body which in turn leads to differential sintering (different regions of the 
body sinter at different rates) during the firing stage [Rahaman, 1995, p. 39]. This will 
cause non-uniformity in the structure of the sintered body and hence deficiency of the 
mechanical and electrical properties of the ceramic piece [Rice, 1998, p. 6]. 
Agglomerates may be removed by milling, ultrasonication, filtering and sedimentation 
or a combination of one or more of these techniques. 
2.2.3.3. Ceramic suspension preparation 
A colloidal dispersion consists of a dispersion medium (the continuous phase) through 
which the colloidal particles are dispersed. These particles constitute the dispersed 
phase. The dispersed phase in colloidal systems may be solid, liquid or gas. If the 
dispersed phase is a solid, a distinction is made according to whether or not the particles 
are polymeric [Napper, 1983, p. 2]. A colloidal dispersion whose dispersed phase is non- 
polymeric (e. g. a metal, inorganic salt, ceramic) is usually referred to so/. If the 
dispersed phase is polymeric in character, the dispersion is called latex. A dispersion of 
particles whose size is greater than 1 gm is usually referred to as a suspension [Napper, 
1983, p. 2]. If the particles are smaller than 1µm, then it is called a colloid. The 
dispersion of one liquid in another is called an emulsion and the dispersion of a gas in a 
liquid is a foam. 
Most ceramic articles are formed from some variation of the wet process which begins 
with a fluid loaded with ceramic powder containing a very specific amount of colloidal 
particles. This suspension also contains specific chemical additives which determine the 
solids content and rheology of the suspension or the plastic body [Funk and Dinger, 
1994]. The powders must first be mechanically dispersed in a liquid medium which can 
be water or an organic liquid. 
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In the wet forming of ceramics, two main routes exist: (1) plastic forming methods 
where a paste, consisting of a mixture of the ceramic powder and additives, is deformed 
plastically through a nozzle or in a die. The techniques employed in this route include 
extrusion and injection moulding. (2) Methods where a free-flowing slurry, consisting of 
ceramic powder and additives, is used to fabricate the green ceramic part. These 
techniques employed here include slip casting and tape casting. 
A number of additives may be used for the formulation of a ceramic paste or slurry 
(suspension) and these include dispersants (deflocculants), binders, plasticisers, 
lubricants and de-formers. A selection of a liquid medium (solvent) and additives is 
quite important for both compatibility and for inducing the required properties of the 
suspension. 
2.2.3.3.1. Liquid medium 
The liquid medium is the agent in which the particles are suspended and the chemical 
additives are dissolved. The structure and solubility of the chemical additives determine 
which part of the solute remains in the liquid and which part adsorbs onto the powder 
surfaces [Funk and Dinger, 1994]. Therefore, the role of the solvent is wetting and 
suspending the particles and dissolving the chemical additives. It is also necessary that 
the solvent does not react with the powder. The solvent may also take part in the 
colloidal stabilisation of the powder by inducing a surface charge on to the particles 
when the properties of the solution, such as the pH, is modified. 
2.2.3.3.2. Additives 
The term surfactant or surface active agent is a general description for any molecule that 
is active at an interface between two immiscible phases [Schofield, 1990]. The term 
dispersant is more specific and refers only to a molecule that can stabilise a dispersion 
of finely divided solid particles in a liquid medium. The role of binders in a suspension 
is to act as dispersants, as lubricants, to thicken the liquid phase and to give strength to 
both the wet and the dry green body. For a binder to be useful, its rheology, burnout 
behaviour and green strength properties must be characterised [Janney, 1995]. 
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The rheological characterisation of polymers includes determination of its viscosity 
grade and degree of its viscoelasticity. Most binders are available in a variety of 
viscosity grades. The higher the viscosity grade, the less polymer that is needed to 
achieve a given viscosity in a solution [Janney, 1995]. Plasticizers modify the binder by 
making it more flexible and lubricants reduce interparticle friction and die-wall friction. 
2.2.3.3.3. Ceramic suspension formulation 
In the preparation of ceramic suspensions such as those used for tape casting, the 
ingredients are weighed and batched together in a mixing and milling container. Usually 
the suspension preparation is carried into stages: dispersion milling and slurry mixing. 
During the dispersion milling stage, the ingredients added to the ball mill container, with 
the grinding balls (often cylinders made of zirconia), the solvent, the powder and the 
dispersant. The container is normally left half full after adding these ingredients in order 
to make room for the other material to be added at later stage and also to achieve 
effective milling. The order of mixing these recipes is critical to the final success of the 
slurry produced. Usually the dispersant is dissolved in the solvent system, then the 
powder is added and the mill sealed and the mixture is milled for a period of time 
[Mistier, 1995]. The principal aims of the dispersion milling stage is to break down any 
agglomerates and aggregates and to distribute the dispersant equally on the surfaces of 
the ceramic particles. 
Once the ceramic particles are suspended in the solvent, then the binder and plasticizer 
are added to the mill. Some binders, such as poly(vinyl butyral), are active dispersants 
and therefore give the added benefit of contributing to the dispersion and 
homogenisation of the suspension. Sometimes, the binder is pre-dissolved before adding 
to the mill, especially if in powder form. Then the slurry is de-aired by stirring it while 
in vacuum [Mistier, 19951. 
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2.2.3.4. Stabilisation of ceramic suspensions 
The dispersed particles of a colloidal dispersion can be rendered unstable by an 
appropriate change in the system. The result is particulate disorder which is often 
referred to as either coagulation or flocculation. The word coagulation means to cause to 
curdle and implies that the particles are somehow driven together. Flocculation implies 
the formation of a highly porous floc and is reserved for a looser form of aggregation 
where the particles are held relatively far apart. The distinction between the two 
processes lies in the origin of the inter-particle attraction. For coagulation, the van der 
Waals attraction between the core particles is responsible for holding the aggregates 
together. In flocculation, particle agglomeration is mediated by polymeric species 
[Napper, 1983, p. 3]. 
Solid particles generally have a higher density than the liquids that might be used to 
suspend them, so they are inclined to sink. Brownian motion, however, will keep the 
particles suspended if they are sufficiently small. In this case, it is said that the 
suspension is stable [Horn, 1995]. Ceramic suspensions are generally dispersed and any 
subsequent flocculation is prevented by the use of a dispersing agent. In an aqueous 
suspension, this may simply involve the change in solution conditions such as pH; in 
other cases, adsorption of specific ion on the particle may occur causing an increase in 
the repulsive charge [Pugh, 1994]. In non-aqueous medium, the adsorption of polymeric 
molecules on to the surface of particles is normally preferred. 
Some of the common methods used in stabilising ceramic suspensions are described 
below. 
2.2.3.4.1. Electrostatic stabilisation 
Electrostatic stabilisation mainly works in polar liquids such as water. It may also work 
in non-polar liquid at low volume fraction of powder [Horn, 1995]. Electrostatic 
stabilisation is said to occur when the repulsion between the particles is caused by 
electrostatic charges on the surface of particles. This repulsion occurs as result of the 
interaction between electrical-double layers of charge which are produced between 
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particles. The most common process which particles dispersed in a liquid can acquire a 
surface charge is the preferential adsorption of ions. An electrolyte such as acid, a base 
or a metal salt added to the solution commonly produces these ions. These ions 
preferentially adsorb onto the surface of particles causing a charge on the particle 
surface. Since the system consisting of the particle and the electrolyte must be 
electrically neutral, the electrical double layers exist at the ceramic powder/aqueous 
solution interface so that an equal and opposite counter-charge exists in the solution 
[Jang, 1994]. Most oxide surfaces are hydrated and have OH groups on the surface so 
that in acid solutions, adsorption of hydrogen ions (H) produce a positively charged 
surface. In basic solutions adsorption of hydroxide ions (OH-) produce the surface 
charges. These adsorption of ions can be represented as [Horn, 1995]: 
AtlowpH M-OH+H+ -->M - OHZ (2.5) 
At high pH M-OH+OH' -->M-O' +H2O (2.6) 
Where M represents the metal (or silicon) atom. 
At some intermediate pH known as the point of zero charge (PZC), the adsorption of H+ 
ions will balance that of OH- and the particle surface will be effectively neutral. At this 
point, the suspension is destabilised. Therefore, a suspension is stable only if the pH is 
kept sufficiently far from the PZC point [Jang, 1994]. 
2.2.3.4.2. Polymeric stabilisation 
High-molecular weight natural polymers such as gums have a long history of stabilising 
colloidal particles. A polymer is a molecule of relatively high molecular weight with 
repeating units or similar units linked by covalent bonds. If a polymer has more than the 
minimum number of repeat units, as in the case of addition polymer, it is called a 
copolymer. A copolymer is a polymer derived from more than one species of monomer. 
Copolymers can be classified in three groups [Moreno, 1992x]. 
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(1) random type: ... AABBABABBAB..... 
(2) block type: ... AAAAAABBBBB.... 
(3) graft type: ... AAAAAAAAAAA.... 
BB 
BB 
BB 
As shown schematically in Figure 2.2, polymeric stabilisation may be achieved by two 
different mechanisms [Moreno, 1992a]: 
(1) Steric stabilisation where the macromolecules are attached to the particle surface; 
(2) Depletion stabilisation in which the macromolecules are free in the suspension. 
In recent years, possibly the most effective synthetic polymers used to stabilise colloids 
in both aqueous and non-aqueous media are block or graft copolymers. These polymers 
contain two parts: an insoluble functional head group (anchor) that attaches onto the 
surface of the particle and a tail (chain) which must have a high affinity for the solvent 
so that it can extend into the solution, producing the steric effects required for 
stabilisation [Pugh, 1994]. The job of the anchor part is to attach the chain part to the 
colloidal particles. The tail part of the polymer must have a sufficient extension into the 
solution to prevent the particles to approach more than 10-20nm from each other 
[Moreno, 1992a]. Most of the commercially available steric stabilisers are not really 
polymers since their molecular weights are about 20,000-30,000. They have an acid or 
basic anchoring group and hydrocarbon or polymer chains extending into the suspension 
forming 5-12nm thick layers [Moreno, 1992a]. It has been experimentally proven that 
steric stabilisation is not sufficient by itself to provide the required stability to a 
suspension if the polymer molecular weight is less than 10,000 [Moreno, 1992a]. 
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Interpenetration 
region 
(a) 
(n) 
Figure 2.2. Polymeric stabilization: (a) Steric stabilisation and (b) 
depletion stabilisation IMoreno, 1992aß 
Steric stabilisation starts to become significant when the polymer molecules on the 
surface of the particles start to interact. At some close distance between the particles, the 
polymer chains may interpenetrate thus increasing the concentration of polymer in the 
interpenetration region. This causes repulsion of' the chains in some solvents. This 
repulsion is said to arise From a mixing or de-mixing effect due to the need of the 
polymer chains to avoid other chains in the interpenetration region of increased polymer 
concentration [Rahaman, 1995, p. 174J. 
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Depletion stabilisation differs from steric stabilisation in that the polymer 
macromolecules do not attach to the particle surfaces but move freely in suspension such 
that they keep the particles apart by their physical presence between the particles. 
2.2.3.4.3. Electrosteric stabilisation 
Suspensions and colloids can also be stabilised by electrosteric repulsion, involving a 
combination of electrostatic repulsion and steric repulsion. Electrosteric stabilisation 
requires the presence of adsorbed polymers and a significant double layer repulsion 
[Rahaman, 1995, p. 191]. An important method of achieving electrosteric stabilisation is 
through the use of polyelectrolytes, that is polymers that have ionizable groups that 
dissociate to produce charged polymers. The electrostatic component may originate from 
a net charge on the particle surface and/or charges associated with the anchored polymer 
[Moreno, 1992a]. The electrical double layer provides a high potential energy barrier at 
large distance and at short range, the steric stabilisation prevents contact between 
particles. 
2.2.3.5. Rheology of ceramic suspensions 
The flow properties of suspensions, which are extremely important for processing and 
forming considerations, are determined by the volume fraction, size distribution and 
interparticle forces [Horn, 1995]. Rheological methods are widely used to determine the 
flow properties of ceramic suspensions. Rheology is the study of the behaviour of 
viscosity when a fluid or suspension is sheared (or stirred) at different rates whereas 
viscosity is an indication of the fluidity of a fluid or a suspension. Normally fluids under 
shear are categorised into two conditions: Newtonian and non-Newtonian fluids. 
2.2.3.5.1. Newtonian fluids 
Newtonian fluids such as water have a characteristic viscosity regardless of the applied 
shear rate, that is 
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lu_ 
Z (2.7) 
Y 
Where p= Newtonian viscosity in Pas, also called absolute viscosity or dynamic 
viscosity. r= shear stress, y= shear rate. 
In Newtonian fluids, shear stress is always proportional to shear rate, and the 
proportionality factor (slope of the r verses y graph) is the viscosity (u). Viscosity (or 
dynamic viscosity) can be measured using rheometer which can measure both shear rate 
and shear stress such as a cone-and-plate rheometer. It can also be measured indirectly 
from the flow rate of a fluid in a viscometer such as a U-tube capillary viscometer. In 
this case, fluid density and the kinematic viscosity obtained from the flow rate are used 
to calculate the dynamic viscosity according the following equation: 
v=p- 
Pf 
(2.8) 
Where v= kinematic viscosity in m2/s and pf = fluid density 
2.2.3.5.2. Non-Newtonian fluids 
Crowded suspensions depart from the Newtonian behaviour of fluids. Shear stresses are 
not always proportional to shear rate, and in such cases, the fluids or suspensions are 
described as non-Newtonian. When dealing with non-Newtonian fluids, viscosities are 
usually expressed as "apparent" viscosities [Funk and Dinger, 1994]. 
Zj (2.9) fca -- 
7. 
Where µa = apparent viscosity. 
it -shear stress at some instant in time. 
yj = Shear rate at the same instant in time. 
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Apparent viscosity is the viscosity measured at one specific shear rate. If the viscosity 
value is a constant at variable shear rates, then the fluid is called a Newtonian fluid. 
When shearing, non-Newtonian fluids normally exhibit either of following two 
characteristics. 
" Shear-thinning - shear-thinning suspension systems are characterised by a 
decreasing apparent viscosity with increasing shear rate [Bergstrom, 1994]. Many 
ceramic suspensions exhibit shear-thinning behaviour which is desirable within 
ceramic process systems. 
" Shear-thickening - is the opposite effect of shear-thinning that the apparent 
viscosity increases with increasing shear rate. Shear-thickening, also referred to as 
dilatancy, is caused by particle collisions and generally develops with increasing 
ceramic volume fraction concentration. Shear-thickening is undesirable because it 
may cause seizure in a forming machine and gives rise to defects (melt fractures) in 
the ceramic parts. 
2.2.3.6. Preparation of ceramic pastes 
A number of ceramic forming techniques, such as extrusion and injection moulding, rely 
on ceramic-polymer paste to manufacture ceramic artefacts. The constituent materials in 
these pastes are probably similar to those of dilute suspensions with some variation 
depending on the forming technique. The formulation of these pastes starts with 
batching solvent, ceramic and polymer additives and then mixing them to achieve a 
homogeneous paste where the ceramic particles are evenly distributed throughout the 
plastic body. Therefore, the objective of mixing (compounding) is to disperse 
agglomerates and distribute particles uniformly throughout the vehicle [Evans, 19901. 
There are several approaches that can be taken to mixing for batch preparation including 
high shear and slurry mixing followed by drying [Janney, 1995]. 
" The high shear approach involves the use of high intensity mixing using blades and 
roll mills. Here, the dry powder, binder and solvent are loaded into the mixer and the 
extreme mechanical action forces the powder and binder together. However, there 
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are numerous problems associated with this approach including incomplete mixing, 
residual soft agglomerates, dilatancy in the early stages of mixing, excessive wear of 
the mixer blades and incomplete solution of the various polymer additives [Janney, 
1995]. The high shear process can be modified to accommodate some of the 
problems. The powder and solvent alone can be mixed first. The lower viscosity 
liquid phase wets the powder and better mixing of the powder and the solvent is 
achieved. After the initial mixing is accomplished, the binder is added and mixing is 
continued to dissolve the binder which is usually in powder form. 
" In the slurry mixing approach, the powder and solvent are mixed at fairly low solids 
loading (- 20vol%) to achieve a good dispersion of the powder and the solvent. The 
initial mixing can be accomplished in a high intensity slurry mixing or even a ball 
mill [Janney, 1995]. After the dispersion stage, the slurry is transferred to a high 
intensity mixer. Then binder is added and mixed to dissolve the binder. Heat and/or 
vacuum are then applied to drive off the excess liquid and to raise the solids loading 
to the required level. 
2.2.3.7. Forming of ceramic green bodies 
Ceramic forming techniques transform the feed material into a green product having a 
controlled size, shape, density and microstructure. Careful control of the density and 
microstructure of the green ceramic is necessary to obtain ultimate product performance 
because large defects introduced in the forming stage cannot normally be eliminated 
when the product is fired [Reed, 1995, p. 397]. Any difference in the packing density of 
ceramic powder will cause different shrinkage during sintering which leads to warping 
or cracking of the part during sintering [Ring, 1996, p. 611]. This will also affect the 
reproducibility of the dimensions. Surface smoothness is commonly desirable and may 
be essential for some products. Productivity is greatly enhanced when the ceramic can 
be formed to a near-net shape so that subsequent machining and surface finishing are 
kept to a minimum [Reed, 1995, p. 397]. 
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Depending on the start material for forming, ceramic-forming techniques may be 
generalised into three categories: dry powder forming, paste (plastic body) forming, and 
slurry (suspension) forming. 
2.2.3.7.1. Green body forming with dry powders (pressing) 
Dry powders are generally formed by a pressing mechanism where a pre-prepared, 
granulate feed is compressed at relatively high pressure in a rigid die or flexible mould 
[Reed, 1995, p. 419]. Normally binder, plasticiser, and lubricants are premixed with the 
powder so that it is free flowing and can be compacted relatively easily. 
Pressing (or compaction) is the most widely practised forming process for reasons of 
productivity and the ability to produce parts ranging widely in size and shape to close 
tolerances with essentially no drying shrinkage [Reed, 1995, p. 419]. There are two types 
of pressing: Uniaxial pressing and isostatic pressing. 
" Uniaxial pressing involves the compaction of powder into a rigid die by applying 
pressure along a single direction through a rigid plunger or piston [Richerson, 1992, 
p. 429]. In unixial pressing the powder can be pressed in dry, semidry or wet 
conditions. In the dry or semidry conditions, the powder contains 0-4% moisture. 
The lubricant and binder usually aid in the redistribution and cohesion of the powder 
[Richerson, 1992, p. 429]. In the wet powder condition, the feed powder contains 10- 
15% moisture and deforms plastically during pressing to conform to the contour of 
the die cavity. The applications of uniaxial pressing include making small shapes of 
insulating, dielectric and magnetic ceramics for electrical devices such as switches, 
transisters, capacitor dielectrics. Other applications include making tiles, bricks, 
crucibles and grinding wheels [Richerson, 1992, p. 431 ]. 
In isostatic pressing, a powder is poured into a rubber bag and stress is applied by 
means of a liquid which acts as a pressure transmitter [Bortzmeyer, 1995]. The 
process is schematically depicted in Figure 2.3. Products with one elongated 
dimension, a complex shape, and a large volume are often produced using isostatic 
pressing [Reed, 1995, p. 442]. Two different techniques of isostatic pressing are 
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commonly used, namely the "wet bag" and the "dry bag" methods. In the wet bag 
method, the powder is filled into a rubber bag and then submerged in a liquid which 
transmits pressure to affect powder compaction. After compaction, the bag is 
withdrawn from the liquid and part removed [Bortzmeyer, 1995]. In the dry bag 
method, the rubber bag is part of the equipment. The pressure is applied by a liquid 
on the sides of the sample and by a punch on the top and bottom. 
Fluid 
3ag 
Fluid 
;h pre 
Powdc 
(a) (b) 
Figure 2.3. Schematic of isostatic pressing [Bortzmeyer, 19951. 
(a) dry bag, (b) wet bag. 
2.2.3.7.2. Green body forming with ceramic pastes (plastic body) 
Plastic forming involves producing shapes from a mixture of powder and additives that 
are deformable under pressure. Such a mixture can be obtained in systems containing 
clay minerals by addition of water and small amounts of a flocculant, a wetting agent 
and a lubricant. In systems not containing clay (which has self-plasticising effect) such 
as pure oxides, carbides and nitrides, an organic material is added in place of water or 
mixed with water or other fluid to provide the plasticity [Richerson, 1992, p. 478]. About 
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25-50vol% organic additives is required to achieve adequate plasticity for forming. A 
major difficulty in plastic forming processes is removing the organic material prior to 
firing which causes cracking due to shrinkage. The most common techniques in this 
category are extrusion and injection moulding. Although similar methods are used in the 
fabrication of metals or polymers, the plasticity in these ceramic bodies is from the 
additives not from the material to be fabricated (i. e. ceramic particles do not deform as 
metals or polymers). 
Extrusion - extrusion is a forming method whereby a cohesive plastic body is 
forced 
through the orifice of a rigid die. An extrudate with a fixed cross section is formed 
which is then cut to length to form the product [Reed, 1995, p. 450]. It is a very 
productive forming technique that is used for the mass production of both large products 
ranging up to more one ton and small products weighing only a few grams. Parts with 
very complex cross section can be extruded. An example is the ceramic support of 
catalyst converter used in motor industry. Figure 2.4 shows the extrusion process. 
Injection moulding - polymer products varying widely in size and shape are produced 
with high productivity using the injection moulding technique. This process has been 
adopted for ceramics to premix a relatively high concentration of inorganic powder with 
polymer, injection mould a product using the polymer to provide flow in shaping and 
then remove the polymer from the shaped part before sintering [Reed, 1995, p. 477]. 
Powder injection moulding is now used for the industrial production of small ceramic 
parts of complex shape and high dimensional precision. The part formation process 
begins with loading the ceramic granular feed into the injection moulding machine, 
evacuating air from the mix to eliminate voids, and shooting the heated mix into a cold 
die [Janney, 1995]. The mixture fills the die cavity and on cooling sets, taking the shape 
of the die. The part is ejected from the die and the process repeated as necessary. Figure 
2.5 shows a ram type injection moulding machine. Many of the basic moulding 
parameters for ceramics are similar to those of polymers. The two major differences are 
elasticity and thermal conductivity. Ceramic mixes are much less elastic and have a 
much higher thermal conductivity than polymers [Janney, 1995]. 
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Figure 2.4. Schematic diagram of an extruder IEI Wakil, 1998, p. 2961. 
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Figure 2.5. Schematic diagram of a ram type injection moulding machine jl. ec, 
1998, p. 120 1. 
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The lower elasticity means that ceramics rebound less after being compressed. Also their 
higher thermal conductivity allows them to cool much faster than polymers. 
2.2.3.7.3. Green body forming with slurry (suspension) 
Ceramic green body fabrication from slurry mostly involves casting of the slurry which 
begins by filling a mould with a free-flowing ceramic suspension. This is generally 
known as slip casting and is done at room temperature where ceramic particles 
suspended in a liquid are cast into a porous mould that removes the liquid and leaves a 
layer of ceramic body that has the shape of the mould. Another variation called tape 
casting involves spreading ceramic slurry on a suitable substrate supported by a flat 
surface. Then, a metal blade is used to skim on the surface of the suspension in order to 
make the required thickness and achieve a smooth, even top surface. 
Slip casting - most commercial slip casting involves casting aqueous ceramic suspension 
into porous plaster moulds [Richerson, 1992, p. 445]. Steps involved in the slip casting 
process are the preparation of the slurry, slurry characterisation and de-airing, casting, 
draining, partial drying while in the mould, separation from the mould, and sometimes 
trimming and surface finishing before the final drying [Reed, 1995, p. 493]. The 
preparation of the slip can be done by a variety of techniques, but the most common 
method is wet ball milling and mixing [Richerson, 1992, p. 446]. The ingredients 
including the powder, binders, wetting agents, sintering aids and dispersing agents are 
added to the mill with the proper proportion of the selected casting liquid and milled to 
achieve through mixing, wetting and particle size reduction [Richerson, 1992, p. 446]. 
The slip is then allowed to age until its characteristics are relatively constant. Viscosity 
measurement, de-airing and casting are then performed. The apparent viscosity of the 
slurry after screening should be about iPas at a shear rate of 1-los'1 and the suspension 
should be shear thinning to allow the free-flow of the slurry [Reed, 1995, p. 495]. The 
mould for slip casting must have a controlled porosity so that it can remove the fluid 
from the slip by capillary action. Traditionally, slip casting moulds are made from 
Plaster of Paris by mixing water with Plaster of Paris powder, pouring the mix into a 
pattern and allowing the plaster to set. 
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To form the part, a number of techniques can be used in slip casting depending on the 
geometry and complexity of the component. These techniques include drain casting, 
solid casting, vacuum casting, centrifugal casting and pressure casting. 
" In drain casting, the mould is filled with a dilute slip and a portion is de-watered by 
the porous mould giving a cast layer on the mould wall. The excess suspension is 
drained from the mould, and the cast layer is allowed to dry and shrink away from 
the mould. Drain casting is the most common slip casting approach. 
" Solid casting is identical to drain casting except that the slip is added continually 
until the part is formed. In both drain and solid casting, a combination of hydrostatic 
pressure and capillary suction de-waters the ceramic suspension adjacent to the 
mould [Ring, 1996, p. 613]. 
" Vacuum casting can be conducted either with the drain or solid casting approach. A 
vacuum is pulled around the outside of the mould. The pressure difference outside 
and inside the mould results in a much quicker de-watering of the suspension. 
" Centrifugal casting involves spinning the mould to apply greater than normal 
gravitational loads on the suspension to make it completely fill the mould. This can 
be beneficial in the casting of complex shapes. Also centrifuging increases the 
driving force for the settling of the particles and liquid is displaced to the top of the 
centrifuge cell [Reed, 1995, p. 506]. 
" In pressure casting, also known as pressure filtration or filter pressing, a piston is 
used to apply pressure to the slurry from the top and the liquid is allowed to escape 
from the bottom of the mould through a rigid filter which retains the powder. The 
permeability decreases as the applied pressure increase due to an increase in the 
packing density. Flocculation of the ceramic suspension before filtration gives a 
much higher permeability, often by a factor of ten [Ring, 1996, p. 619]. 
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Tape casting - tape casting is used to produce ceramic green bodies that consist of thin 
layers of dried ceramic suspension. These green bodies can then be cut into near-net 
shape and sintered to give the end product. Also, the thin ceramic green sheets can be 
laminated to produce a multi-layer structure such as multi-layer capacitors. 
Slip preparation 
De-airing 
Solvent reduction 
Spreading 
Drying (complete solvent removal) 
Sheet/tape removal from carrier 
Tape processing 
Figure 2.6. Flow diagram of the stages of a typical tape casting process 
[Hyatt, 19841. 
Tape casting differs from slip casting in that the tape casting suspension is usually non- 
aqueous where solvent is removed by evaporation process rather than an absorption 
process [Mistier, 1998]. Figure 2.6 shows the stages of the tape casting process. 
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First the ingredients consisting of solvent, powder and dispersant are wet ball milled 
normally for a period of up to 86.4ks. Then binders and plasticisers are added and the 
milling is continued. After that the suspension is de-aired in a vacuum while stirring it. 
The suspension is then pressure filtered after which it is ready for casting. The casting 
process involves spreading the suspension on a horizontal substrate carrier and then 
applying a vertical blade to skim on the surface of the suspension to control the 
thickness of the tape. There are two modes of operation for the design of the blade- 
substrate carrier system: a moving blade-stationary carrier system and a stationary blade- 
moving carrier design. For mass production and continuous operation, the stationary 
blade system shown in Figure 2.7 is preferred [Mistier, 1995]. 
a.. .. lull. II IL .l 
Figure 2.7. Schematic diagram of the stationary blade tape casting process 
Ikahaman, 1995, p. 3071 
The main advantage of the tape casting process is that it can be used Im the fabrication 
of large, thin and flat ceramic parts which are difficult to make with any other method. It 
is generally accepted that the dried thickness of tape-carted sheets are from 25-1270 pm 
[Mistier, 1998]. 
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2.2.3.8. Drying, pyrolysis and sintering 
Compacts fabricated by the different ceramic wet forming techniques need to be dried 
before they can be taken to a high temperature for pyrolysis and sintering. The aim is to 
remove the solvent slowly in order to preserve the structural integrity of the part and 
reduce defects caused by solvent removal. To remove the solvent from the green bodies, 
the parts are usually placed in a heated atmosphere. There are several stages of drying 
that the green body undergoes before it is completely dried. First there is a constant 
weight loss period where the surface of the green body is always wet by the flow of 
liquid to the surface. This flow emanates from the rearrangement of the particles in the 
green body which is caused by the compressive capillary pressure at the surface of the 
green part. At some point, the particle network becomes rigid and no more particle 
rearrangement and shrinkage can take place [Ring, 1996, p. 684]. At this stage, the 
liquid-vapour interface starts to recede into the pores and surface tension driven flows, 
in the direction of the free surface, attempt to keep a layer of solvent on the surface of all 
the ceramic particles. Once the drying front (partial pressure gradient) enters the green 
body, the drying rate decreases abruptly. As the partial pressure gradient moves further 
into the green body, the liquid in the pores empty accordingly [Ring, 1996, p. 686]. 
Convective drying mechanisms are generally employed for drying green ceramic parts 
where the parts are passed through a warm air in metal dryers. Chamber dryers are used 
for drying large, free-standing shapes and smaller products supported on shelves or 
suspended from the structural framework on dryer cars [Reed, 1995, p. 546]. Shrinkage 
of the green body occurs during drying as the liquid between the particles is removed 
and the interparticle separation decreases. 
De-binding or pyrolysis is commonly conducted after drying. Most oxide ceramic 
materials can be sintered in an oxidising atmosphere. This makes the binder removal 
step easy since most organics burn in the presence of oxygen and heat. Thus polymeric 
binders are often burned off in an oxygen rich environment. However, if the matrix 
powder is a reactive metal, carbide or nitride, the binder removal must be done in a 
neutral or reducing atmosphere [Mistier, 1995]. De-binding is performed at temperatures 
between 573 and 973 K [Ring, 1996, p. 729]. During the burnout process, the polymer 
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undergoes a controlled thermal decomposition reaction which can form both volatile and 
solid residues as the products of reaction. The solid residues react further at higher 
temperatures to give subsequent volatile products and other solid residues. The green 
structure is often buried in a setter powder. The setter powder gives the pyrolysed 
component a mechanical support after the binder is burnt away. 
The pyrolysed structure must be sintered at high temperature in order to give it a 
mechanical strength. Sintering is essentially a removal of pores between the particles 
combined with grain growth and strong bonding between adjacent particles [Richerson, 
1992, p. 519]. During sintering, the ceramic body is heated to temperatures approaching 
the melting point of the ceramic material. Changes that occur during the sintering 
process are: (1) changes in grain size and shape, and (2) changes in pore size and shape. 
Large defects remain after sintering whereas small pores may be eliminated by grain 
growth. Pores (and second-phase particles) inhibit grain growth; hence, pores limit grain 
size until sufficiently low levels of porosity or higher driving forces for grain growth are 
reached [Rice, 1998, p. 6]. 
2.2.3.9. Machining of ceramics 
Despite their useful characteristics (e. g. high melting point, high compressive strength 
etc), ceramic materials are not used in many applications due to their high cost of 
machining. The shaping operations of ceramics encompass not only the forming 
operation but also green and sintered machining and, above all, finish machining 
[Klocke et al. 1998]. In many cases, ceramic components require finish-machining, 
particularly when functional surfaces are to be produced. Because of the high hardness 
and low toughness of these materials, diamond grinding is often the method of choice in 
machining [Jahanmir et al. 1998]. Although diamond grinding is the most widely used 
ceramic machining available, other techniques are also used. These include ultrasonic 
machining and laser-assisted machining [Klocke, 1997]. 
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" In ultrasonic machining, the vibration of lapping grit, often boron carbide, impacting 
on the surface of the work piece causes material removal. The key benefits of this 
technique are the free selection of geometrical shapes within a wide range of 
capabilities and the possibility of using minimum force [Klocke, 1997]. 
9 Laser-assisted machining relies on heating the structure to high temperature using a 
laser, giving a partial plastification of the material. Then a machine is used to remove 
material from component. The machine used is a conventional CNC lathe combined 
with a CO2laser source. 
2.3. Solid freeform fabrication (SFF) of materials 
In the processing technologies described so far, there are two important features: 
"A component is always made with part-specific tooling and to manufacture parts a 
range of tools and equipment need to be selected according to the size and geometry 
of the parts. Thus change of component size or shape is associated with change of 
the tooling. Tooling can be expensive to manufacture and time consuming. 
" The material composition within one component is almost always monolithic and 
suitable for medium to mass production. This limits the capability of manufacturing 
components with varying composition such as functional graded materials. 
Solid freeform fabrication methods are materials manufacturing techniques where 3-D 
objects are made without tooling. The manufacturing process starts with a computer 
CAD model, usually a solid or a surface model. A software slices the solid model into a 
large number of layers. A computer controlled device then forms each slice, by cutting, 
curing or depositing, to create the solid object from hundreds of individual layers 
[Halloran, 1999]. Since the object grows layer by layer, it is possible to realise shapes 
and material combinations which are impossible to achieve with conventional methods, 
Most of these techniques have been developed initially to prepare plastic, wax or paper 
parts, primarily for prototyping, i. e. creating a physical part for the purposes of analysing 
its form, fit or function [Griffin et at. 1996; Kulkarni and Dutta, 1996]. 
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Commercialised SFF techniques include Stereolithography (SLA), Selective Laser 
Sintering (SLS), Laminated Object Manufacture (LOM), Fused Deposition Modelling 
(FDM) and Three Dimensional Printing (3DP). Some of these have been utilised in 
ceramic processing. 
2.3.1. Stereolithography (SLA) 
Stereolithography creates a solid body by scanning a laser beam on a photo-curable 
liquid monomer, curing it in a line-by-line, layer-by-layer sequence. The SLA technique 
was designed for photo-curable polymers such as acrylates and epoxies. The process 
begins with a vat filled with a photo-curable liquid resin and an elevator table set just 
below the surface of the liquid monomer. An operator loads a 3-dimensional CAD solid 
model file into the system. The CAD data of a component is converted into a STL file, 
i. e. data readable by the SLA machine and the model is sliced into a series of cross 
sections. Using the information on each slice, a computer-controlled optical scanning 
system directs a focused laser beam to scan on the surface of the liquid monomer to cure 
a 250µm layer [Halloran 1999]. As the laser scans the surface, the monomer is photo- 
cured to a polymer and the polymerization depth is controlled by the radiation exposure 
which is set to the layer thickness. When the layer is finished, the support platform with 
the first layer moves downward into the liquid vat. The liquid vat then flows across the 
first polymerized layer. To ensure that the second layer of monomer is of the desired 
thickness, a re-coat blade moves across the surface. The laser then scans this new 
surface, polymerizing the second layer. This process is repeated many times until the 
part is finished. When part building is done, the platform is raised and the solid polymer 
part emerges from the vat [Kruth, 1991]. An illustration of the SLA technique is shown 
in Figure 2.8. 
Extensions of the SLA technique to ceramics have been experimented. This is done via 
ultraviolet (UV) curing of a highly concentrated (0.50 - 0.65 solids volume fraction) 
suspension of ceramic particles in a photopolymerizable liquid [Griffith and Halloran, 
1996]. The ceramic powders currently used are silica, alumina or hydroxyapatite 
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I Baskaran et al. 19991. The green part can be given a conventional binder burnout and 
sintering treatment. "hwo important aspects of SLA application to ceramics are: 
" The viscosity of the ceramic suspension must be less than 3 Pas for proper 11ow 
during recoat of the new layer [Griffith and Halloran, 1996]. 
0 The ceramic suspension must be sufficiently transparent to ultraviolet radiation to 
permit an acceptable depth of cure. Powder suspensions can have a very high 
turbidity due to radiation scattering, even if the ceramic itself is transparent to LJV. 
An inherent limitation of the stereolithography process is that part overhangs and 
undercuts must be accommodated by building a support structure which is subsequently 
machined off [Sachs et al. 1992]. 
laser Shaping ýýý X-Y scanner 
Cured part 
Support platform 
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Figure 2.8. Schematic diagram of forming process by stereolithography 
lCriffith and Halloran, 19961. 
2.3.2. Selective laser sintering (SLS) 
The term 'sintering ' refers to any process by which particulates are caused to adhere into 
a solid mass by means of externally applied energy. Selective laser sintering Uses optical 
energy supplied by a CO-2 laser to sinter the particles. A container which has an open top 
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defines the work space. A heat fusible powder is placed into the work space one thin 
layer at a time and then selectively sintered by a raster or vector scanning laser beam. 
First, a roller or spreader sweeps over the powder surface to level and compact it. Then 
the laser scans over the powder surface in accordance with the data defining the layer. A 
piston supporting the sintered layer moves down and the second layer of' loose powder is 
spread over the first layer by the roller. The powder is then selectively sintered to make 
the second sintered layer. Process parameters are chosen so that the second layer is 
sintered to the first. This cycle of events is repeated until the part is complete. 
R 
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Figure 2.9. Schematic diagram of the selective laser sintering 
forming process jKruth, 19911 
The part consists of particles of powder that are sintered together and is surrounded by 
un-sintered powder with only the top layer visible. The un-sintered powder is then 
removed to reveal the finished part. Any material which softens and has decreased 
viscosity upon heating can potentially be used as an input material for selective laser 
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sintering. The temperatures required to sinter ceramics and metals are inconveniently 
high to directly sinter that these powders are normally coated with a polymer binder to 
assist the adhesion [Halloran, 1999]. This naturally leads to porosity in the parts which 
can be filled, for instance, by liquid infiltration of metals. No supports are required with 
this technique to create overhangs and undercuts as the green powder acts as a support 
structure. The layer thickness for SLS is 0. lmm [Sachs et al. 1992]. Figure 2.9 shows 
the SLS process. 
2.3.3. Laminated object manufacturing (LOM) 
Laminated object manufacturing is the most literal version of layered manufacturing as 
the object is actually built from individual sheets of stock material. The commercial 
version of the LOM process was introduced by Helisys Corporation to produce models 
for metal casting patterns from sheets of paper [Halloran, 1999; Griffin et al. 1994]. The 
patterns are built from adhesive bonded paper, with each layer of the model consisting of 
single sheets of paper fed from a roll. A heated roller, which activates the adhesive, 
laminates the sheet to the previous layer [Halloran, 1999]. A laser, or even a blade, can 
be guided to cut the outline of each layer of the object. After the cut, the laminated layer 
is then lowered and the next sheet is rolled into place and the process repeated until the 
component is formed. 
The LOM technique is self-supporting for overhangs and undercuts. Areas of cross 
sections, which are to be removed from the final object, are heavily cross-hatched with 
the laser to facilitate removal. Dimensional tolerances within 0.25mm can be achieved 
with this SFF method [Halloran, 1999]. 
For ceramics fabrication, flexible tape-cast ceramic sheets are used to combine tapes of 
different ceramic materials and thus, easily fabricate materials with novel laminar 
compositional variations, such as functionally graded materials or multi-layered 
composites with alternating compositions [Griffin et al. 1996]. Figure 2.10 shows an 
schematic illustration of the LOM process. 
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Figure 2.10. Schematic representation of the LOM process 
[Critfin et al. 19941 
2.3.4. Fused deposition modelling (FDM). 
As with most SFF techniques, the l" DM process builds polymer/wax objects layer-by- 
layer from a ('Al) tile. Spooled polymer or wax filament of about 2mm diameter is fed 
into a liquefier head which is capable of moving in the x-y plane lAgarwala, 19961. To 
accommodate component build up, the build platform moves in the z-direction each time 
a layer is deposited. The build up process begins when the filament softens and melts 
inside the liquefier head to a temperature just above the melting point of' the filament 
material. The molten polymer/wax is then extruded out ofthe nozzle at the end of the 
liquefier jAgarwala, 19961. The filament is fed into the liquilier via computer-driven 
rollers which act as the piston for extrusion of the molten material through the nozzle. 
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The diameters of the commercially available nozzles vary from 0.25 to 1.3111111. In 
application to ceramics, the ceramic powder is mixed with polymer or wax and the 
polymer acts as a carrier and hinder for the ceramic particles as the material flows out of' 
the heated extruder head. Using a thermoplastic resin blended with >SvoI% silicon 
nitride, dimensionally accurate models were produced (I lalloran, 1999 ]. 
2.3.5. Three dimensional printing (31W) 
Three dimensional printing creates parts by a layered printing process. This technique 
uses loose powder and a binder to build 3D parts. First, a thin layer of loose powder is 
spread over the surface of a powder bed by a roller. Next the first layer is created by 
printing hinder on the spread powder according to a data supplied by a computer 
software. Then a piston lowers the binded first layer so that the powder of the second 
layer can be spread on top of it. Binder is deposited again on the powder to make the 
second binded layer. This layering process is repeated until the part is completed. The 
binder can be a colloidal silica or a polymer. The green density ofthe as formed part is 
limited to the packing density of the powder thus normally too low to sinter, but the 
green part can be densified before sintering with the use of isostatic pressing. 
Print head 
Roller 
Powder deliver 
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Formed part 
Figure 2.11. Schematic diagram of the three dimensional printing 
process ISachs et al. 19921. 
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Three-dimensional printing can create parts of any geometry, including undercuts, 
overhangs and internal volumes from almost any powdered material [Halloran, 1999]. 
This process has been used to fabricate parts in a wide variety of materials including 
ceramic, metal, metal-ceramic composite and polymeric materials [Sachs et al. 1992]. It 
has been used to produce ceramic filters for hot gas filtration, investment casting shells 
and cores, slip casting moulds and other ceramic parts [Baskaran, 2000]. Figure 2.11 
shows schematic diagram of the 3DP process. 
2.4. Inkjet printing 
Inkjet printing is a non-contact printing technology in which droplets of ink are jetted 
from a small orifice directly to a specified position on a media to create an image. 
Broadly speaking, inkjet technology divides into two distinctive types based on the way 
the droplets are generated, namely, Continuous Inkjet Printing (CIJ) and Drop-on- 
Demand inkjet printing (DOD) [Leach and Pierce, 1993, p. 678]. 
2.4.1. Continuous inkjet (CIJ) printing 
Continuous Inkjet is the generic name given to the method in which a continuous stream 
of drops are generated at high frequency by forcing a liquid ink under pressure through a 
small nozzle [Erskine, 1987]. In CIJ, the ink droplets are formed by destabilising a jet of 
ink in a controlled fashion normally by applying pressure perturbation to the jet. In order 
to be able to place ink drops on the required positions, the droplets are electrostatically 
charged on leaving the nozzle and are deflected by the application of a steering voltage 
with deflector plates [Atkinson et al. 1997]. The charge on each droplet can be varied so 
that its trajectory and point of impact on the substrate can be accurately controlled. 
When passing through the electric field of the deflector plates, the charged droplets are 
guided onto the printing media while uncharged drops are not deflected and collected 
into a gutter directly underneath the nozzle for re-circulation. The drops are formed even 
when not printing and are collected in the gutter. Figure 2.12 illustrates the generation 
and deposition of droplets in a continuous inkjet printer. In order to be able to charge 
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the droplets, the ink must be conductive and for this reason, conductive solvents are used 
or a conductive electrolyte is added to the ink. 
Pressure generator 
Charging electrode 
High voltage 
deflector plates 
II 
F_Il. " " 
Substrate 
ý: 
lJ 
" 
" HV 
0- j 
S 
" 
" 
Gutter 
Figure 2.12. Schematic diagram of a continuous inkjet system [Song 
et al. 1999]. 
CIJ is a very fast process capable of covering a relatively narrow printing width at a 
speed of few meters per second and is widely used in data coding on production line 
[Leach and Pierce, 1993, p. 678]. 
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2.4.2. Drop-on-demand (DOD) inkjet printing 
In contrast to CIJ, DOD inkjet printing is characterised by generating droplets only when 
required for printing and, in general, droplets are produced by an ejection mechanism 
rather than by destabilising a continuous jet [Leach and Pierce, 1993, p. 678]. 
2.4.2.1. Types of DOD inkjet printers 
Depending on the mechanism used in the droplet formation process, commercial DOD 
inkjet printers can be categorised into two types: thermal inkjet and piezoelectric inkjet. 
2.4.2.1.1. Thermal inkjet 
The droplet forming system in a thermal jet printer consists of an ink chamber having 
heating elements adjacent to the nozzles. When a current pulse of less than a few 
microseconds goes through the heater, heat is transferred from the surface of the heater 
to the ink. The ink becomes superheated to the critical temperature for bubble formation. 
For water based inks, this temperature is around 573K [Le, 1998]. The water vapour 
bubble expands instantaneously to force ink out of the chamber through the nozzle. 
2.4.2.1.2. Piezoelectric inkjet 
Piezoelectric inkjet printing is one of the simplest forms of DOD and the printer head 
consists of open nozzles and ink channels. Droplets of ink within the capillary channels 
are ejected by the deformation of piezoelectric transducer which reduces the volume of 
the ink chamber and hence causes drop ejection. Depending on the geometric 
arrangement of the piezoceramic transducer, this technology can be classified into two 
main types: tubular and planar transducer (Figure 2.13). 
" In the tubular type, a cylindrical piezo-ceramic element is used to abruptly compress 
the enclosed volume producing a pressure wave which causes ejection of a drop at 
the nozzle [Lloyd and Taub, 1988]. Design variations include location of the 
electrodes to produce either longitudinal or radial compression, constraining the 
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outer diameter, and adding a glass capillary tube through the centre to isolate the ink 
from the transducer. 
" In the planar configuration, flat plate of piezo-electric material forms one wall of the 
ink chamber. Depending on the piezo-electric deformation mode, three 
configurations are commercially used: bend, push and shear deformation modes [Le, 
1998]. 
" In the bend mode design, the piezoelectric plates are bonded to the diaphragm 
forming a bi-laminar electromechanical transducer. The printers that use this print 
head configuration include Tektronix phaser 300 and 350, Epson Stylus colour 400, 
600 and 800 [Le, 1998]. 
9 In the push-mode design, a piezoceramic rod expands and pushes against the ink to 
eject a droplet. Normally a thin diaphragm is placed between the piezo-driver and the 
ink to prevent undesirable interactions between the ink and piezo-driver material. 
" In the shear mode design, the shear action deforms the piezo-plate against the ink to 
eject droplets. In this design, the piezo-driver becomes an active wall in the ink 
chamber. Companies such as Spectra and Xaar are pioneers in the shear-mode print 
head design [Le, 1998]. 
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Figure 2.13. Schematic diagram of different piezo inkjet printer heads: 
(a) tubular transducer inkjet design, (b) bend-mode transducer design, 
(c) push mode design, (d) shear mode design ILe, 19981. 
2.4.2.2. Ink properties for piezoelectric DOD inkjet printing 
The most critical component of inkjet printing is probably the ink. Ink chemistry and 
formulations dictate not only the quality of the printed image but also determine the drop 
ejection characteristics and the reliability of the printing system. The quality of inkjet 
printed images depend mainly on the interactions between the ink droplets and the 
printing medium. There are two main types of ink in use and they are liquid jphase and 
. Solid phase inks. 
When a liquid ink droplet (ands on a normal office paper, the droplet tends to spread 
along the paper fibre lines as well as penetrate into the paper voids. It' the spreading of 
the ink is too excessive and irregular, image quality will be affected. to prevent ink 
spreading, it is critical that part of the deposited liquid is removed by evaporation and 
the other part is absorbed by the printing medium. Solid phase (also know as hot melt or 
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phase change inks), which are solid at room temperature, have been used to control 
image bleed. In solid phase inkjet printing, the ink is jetted as molten liquid drops. Once 
contacted with printing medium, very little spreading or absorption occurs so that good 
image resolution can be achieved, almost independent of the substrate properties 
[Adams, 1996]. 
The properties of liquid inks for inkjet printing revolve around meeting three key 
requirements: 
" The first is to ensure that the ink within the capillary channels and open nozzles 
always remains fluid and is not allowed to dry. 
" The second property which seemingly contradicts the first is for the ink to dry 
quickly on the paper once printed [Leach and Pierce, 1993, p. 696]. 
" The third property is that the ink must provide good print resolution on a wide 
variety of office papers. 
These three requirements may be represented in geometrical form [Elbert et al. 1988]. 
Nozzle maintenance 
Print quality 
Figure 2.14. Triangle of ink jet printing requirements [Elbert et at. 
1988]. 
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The approach taken to prevent ink drying in the nozzle has been to use a range of 
traditional humectants such as glycols and polymeric glycols in water-based inks. These 
are effective at mopping up moisture from the atmosphere surrounding the nozzle 
[Leach and Pierce 1993, p. 696]. The impact of using humectants to prevent clogging 
adversely affects the drying time of the ink on the paper. Some large office printers use 
heating to speed up the drying process. 
Water is the first fluid to consider as an ink vehicle. It is environmentally safe, readily 
available and can be printed on a range of office papers. Glycols are the next most 
common fluid vehicle explored for inkjet inks [Elbert et al. 1988]. Their most obvious 
advantage is that their evaporation rate is significantly lower than that of water and that 
they show improved nozzle integrity or fewer nozzle clogging. They are also miscible 
with water over a wide range. Other additives added to inks are pigments, dyes, binders 
or thickeners and plasticizer. Pigments and dyes are added for coloring purposes. 
Binders are added for controlling viscosity and to bind the colourants to the surface and 
provide good adhesion. The effect of binding the colourants is high gloss and good print 
definition. Binders however affect nozzle integrity. During quiescent periods or even 
during printing, the solvent evaporates and the viscosity increases in the nozzle. If the 
ink in the nozzle is not diluted or cleaned regularly, a polymer plug forms in the nozzle 
aperture. 
2.4.2.3. Drop volume control for inkjet printing 
For piezoelectric drop-on-demand printers, varying the voltage pulse height or width can 
control the drop volume and thus vary the spot size on paper [Pond, 1996]. The viscosity 
of the ink has often to be adjusted to suit the print head used. In the case of squeeze tube 
DOD, the viscosity requirement is governed by the degree of damping required for 
pulses reflecting in the squeeze tube [Elbert et al. 1988]. Thickeners are therefore used 
to increase viscosity for acoustic damping. A small deformation of the order of tenth of 
micrometre can be induced in ink channels in a short time interval (e. g. 2µs) by a voltage 
step [Bailie and De Lange, 19971. In this way hydroacoustical pressure waves are 
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induced in the ink channels which travel to the inlet of the nozzles from which a certain 
amount of ink can be emitted [Badie and De Lange, 1997]. 
By using a DOD tubular piezo system and a nozzle diameter of 50µm, Bogy and Take 
[1984] found that there is a time delay that occur between the initial voltage rise and the 
appearance of an outward moving meniscus from the orifice. This delay time increases 
with increasing cavity length. Badie and De Lange [1997] state that the final volume and 
velocity of the drop are mainly determined by the initial conditions of the meniscus right 
before the firing pulse responsible for drop ejection. Also ink viscosity and surface 
tension have an effect on ink properties that long tail droplets are caused by increased 
velocity, viscosity and decreased surface tension. 
2.4.2.4. Miss-registration of ink drops and formation of satellite drops 
One of the major causes of miss-registration or misplacement of ink drops being ejected 
from a thermal inkjet print head is the presence of dirt or particulates in the ink [Torpey, 
1993]. Some important factors which determine the accuracy of drop placement are the 
design of the print head, the manufacturing process used in making the print head and 
conditions of the front face of the nozzle or the region immediately surrounding the exit 
of the nozzle. Jet break-off distance non-uniformity and variations in velocity are 
contributing factors for miss-registration of droplets. 
Apart from drop misplacement, satellite drop formation is also a problem in inkjet 
printing. Satellite drops are formed when the ink droplet has a long tail which detaches 
from the main drop and then forms a smaller drop. Poor droplet formation, a result of 
inadequate control of the physical properties of the ink, can cause the jet to break in 
either an erratic fashion or produce satellites [Leach and Pierce, 1993, p. 681]. Control of 
the viscosity of inkjet ink probably makes the greatest contribution to achieving good 
droplet formation. Binders are normally used to control the viscosity of an ink and 
promote droplet formation [Leach and Pierce, 1993, p. 686]. 
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By using a piezo system and nozzle arrangement (50µm orifice and cylindrical piezo 
unit which surrounds the orifice cavity), Shield et al. [1987] studied the drop formation 
of DOD inkjet. It was found that the height of ink reservoir must be the same height as 
the printer head. If the reservoir is higher, static pressure tends to drive the fluid out of 
the nozzle and this causes ink wetting at the nozzle tip which makes impossible the 
formation of a well-formed droplets. Also the nozzle has to be primed (the ink in the 
reservoir is pressured to force liquid through the nozzles) in order to remove all air from 
the ink cavity system. The reason is that air bubbles in the cavity system absorb the 
pressure waves produced by the piezoelectric crystal and prevent droplet formation and 
ejection [Shield et al. 1987]. 
The parameters that control drop formation include pulse width, driving voltage and 
choice of fluid. A study of ethylene gylcol (viscosity, µ= 16mPas; surface tension, y= 
48mNm-1) and water (µ = 0.89m Pas, y= 72mNm ) showed that a voltage of 90V and a 
pulse width of 10µs gave optimum drop ejection for ethylene glycol whereas for water 
the optimum conditions were a voltage (pulse amplitude) of 55V and a pulse width of 
10µs. A pulse with an amplitude of 90V and width of 20µs for ethylene glycol, and 55V, 
20µs for water showed the formation of satellite drops [Shield et al. 1987]. It was also 
shown in this study that ethylene glycol forms bigger drops than water and that the drop 
formation for water is not as well controlled as for the glycol. Shield et al. [1987] 
attributed this difference in droplet formation to viscosity differences. 
2.4.2.5. Drop spreading in inkjet printing 
When a spherical drop impacts on a solid surface, the initial drop momentum that is in 
the direction normal to the substrate gives rise to a radial flow along the surface. 
Therefore the motion or flow of the liquid can be separated into two: spreading 
(bleeding) and penetration. Spreading is the lateral flow of fluid along the surface of the 
solid while penetration is the flow of fluid normal to the surface. Since the substrates 
used in this work (ceramic inkjet printing) are non-porous, only spreading will be 
considered here. 
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Zhang and Basaran [1997] studied the impact of liquid drops falling under normal 
gravitational conditions. It was stated that if the initial kinetic energy (inertial force) of 
the droplet is much larger than the surface energy, then the drop spreading reaches its 
maximum and stays there. However if the surface tension is strong enough, the restoring 
force it exerts will cause the contact line to retract once the radius of the drop reached its 
maximum value. Four parameters were used to characterise drop spreading: 
" drop radius before impact, 
" drop radius on impact, 
" drop radius after maximum spreading and 
" final drop radius (radius after recoil). 
Zhang and Basaran [1997] also studied the effect of the initial transverse droplet velocity 
on drop spreading. They found that the final drop diameter increases with increasing 
initial drop velocity. 
Printing with coloured water based inks on plain papers, typical of inkjet printing, causes 
ink droplets to bleed into one another. The magnitude of the bleeding depends on drying 
mechanism, ink and paper properties, and on interactions between ink and paper 
[Carreira et al. 1996]. The presence of pigment and resin binder in sufficient quantity 
were found to be key factors in minimising image bleed [Carlson et al. 1996]. 
The main concern in ceramic inkjet printing in relation to drop spreading is its effect on 
resolution (minimum line width or drop size) for the creation of intricate structures 
within a component. 
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2.5. Ceramic inkjet printing (CIJP) 
Ceramic inkjet printing is a solid free forming technique where three-dimensional 
components are fabricated by printing ceramic suspensions or solutions of ceramic 
precursor. As with other solid free forming methods, CUP builds components layer by 
layer. Ceramic inkjet printing emerged in the middle of 1990s and all the three types of 
printers (continuous, thermal and piezoelectric drop-on-demand) have been 
experimented with so far. 
Blazdell et al. [1995] have printed zirconia films of 50- 70µm thickness by continuous 
inkjet printing. The films did not distort during pyrolysis and sintering and were free 
from macrodefects. Atkinson et al. [1997] also reported the use of continuous inkjet 
printer for the deposition of aqueous sol-gel ceramic inks on ceramic artefacts for 
decoration purposes. The ink dried to form a gel after printing and was then converted to 
the coloured decoration on firing. Using a continuous inkjet printer and zirconia ink of 
4.4vol% ceramic, Song et al. [1999] printed three-dimensional components which were 
then pyrolysed and sintered. The solvent used was industrial methylated spirit. 
Components of 2.5mm thickness were produced with this ink which demonstrated, to 
some extent, the feasibility of fabricating 3D components with a continuous inkjet 
printer. Drying of ink between layers presented a problem and assisted drying was used 
to enhance ink drying between layers. 
Using titanium dioxide (Ti02) powder, Xiang et al. [1997] have fabricated three 
dimensional ceramic components which were subsequently debinded and sintered. The 
printer used was piezo-electric DOD (IBM 3852/2 color jet) and the ink contained 
5.3vol% ceramic. Printed test pieces having a thickness of 340µm were produced by 
over printing 1000 layers. The coupons were easily removed from the substrate and were 
sintered without cracking. Slade and Evans [1998] have reported printing 10vol% 
zirconia ink using a thermal inkjet printer (Hewlett Packard Desk Jet 500). The solvent 
used was water. Although 3D ceramic parts were produced, major blockage of the 
nozzles was evident from the micrographs of printed images. By using a peizo-electric 
DOD printer (Epson Stylus 500C), Windle and Derby [1999] made 2.2vol% PZT (lead 
zirconate titanate) ink with distilled water. Attempts made to produce 3D objects were 
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unsuccessful and printed two-dimensional images showed major banding problem which 
suggested nozzle blockage. When printing a ceramic ink with a multi-nozzle printer, it 
happens sometimes that some of the nozzles are depositing while others are clogged up. 
When viewed under a microscope, the images produced in such a situation show printed 
white lines having un-printed dark lines between them. This is described as banding. 
Mott et al. [1999a] reported printing 3D ceramic components with cavities. The printer 
used was a piezoelectric DOD and the solvent used was a mixture of ethanol and 
isopropanol. The ceramic powder used was zirconia and the volume loading of powder 
in the ink was 2.5%. Fugitive ink (carbon) was used to create the cavities. The carbon 
was then removed by firing the parts in air at 973K. Using the same printer, Mott and 
Evans [1999b] fabricated functionally gradient components composed of alumina and 
zirconia. This was done by mixing two inks during printing. The composition of the 
sintered component varied continuously from 90% alumina on one end of the cross- 
section to 100% zirconia on the other. This work demonstrated a key capability of CIJP- 
composition control throughout a component. 
2.5.1. Ink formulation for ceramic inkjet printing (CIJP) 
Ceramic suspensions used for inkjet printing are similar to those of tape casting. Solvent 
is used to disperse the ceramic particles, to give low viscosity to the suspension so that it 
is printable and to dissolve the other additives. The dispersant is used to prevent 
flocculation of particles once they are dispersed and binder is needed to bond the 
particles so as to give the component sufficient green strength for subsequent handling. 
Plasticizer may be used to soften the binder and thus to give some flexibility to the green 
body. 
2.5.1.1. Stages in the preparation of ceramic inks. 
The preparation of the inks is normally carried out in two stages: 
1. The deagglomeration and dispersion of powders in the solvent with the use of 
dispersant. 
2. The homogenization of the slurry with the binder. 
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This sequence of constituent addition is important to prevent competitive adsorption of 
binders with dispersant and also to prevent the adsorption of binder on to the powder 
before deagglomeration. Further more, the powder deagglomeration is more efficient in 
low viscosity slurry (without binder) and the mechanical damage of the binder 
molecules is minimized by this sequence of addition [Chartier et al. 1996]. 
2.5.1.2. Solvents, binders and dispersants used in ceramic inkjet printing 
As in tape casting, alcohol solvents are mainly used for ceramic inkjet inks. This is 
because of their fast evaporation rate as compared to water. Water is cheap, 
environmentally friendly and poses no health problems but its low drying rate 
discouraged its use in ceramic inkjet printing. However the use of water as the solvent of 
ceramic inkjet inks has been reported [Slade and Evans, 1998; Windle and Derby, 1999; 
Kim and McKean, 1998]. Dispersant selection mainly depends on its ability to adsorb on 
the powder surface and prevent flocculation and also its compatibility with the solvent. 
Several authors [Blazdell et al. 1995; Xiang et at. 1997; Mott et at. 1999a; Mott and 
Evans, 1999b] have shown that a combination of Ethanol and Isopropanol solvents, Efka 
401 dispersant and Polyvinyl butyral binder were suitable to disperse a number of 
powders including alumina, zirconia and titanium oxide. 
2.5.1.3. Composition of ceramic inkjet printing inks 
The development of ceramic inkjet inks is in early stages and there is no full study of the 
appropriate ratios of the ink ingredients and how the selection of ingredient ratios affect 
the microstructure and dimensional accuracy of fabricated components. However in the 
literature there are some indications that the ratios of the ink constituents (powder, 
dispersant and binder) determine the properties of the suspension such as stability and 
viscosity and also the properties of the fabricated ceramic components. 
58 
Chapter 2. Literature review 
Teng et al. [1997] have conducted a study of the optimum dispersant concentration on 
yttria stabilised zirconia powder by investigating a number of dispersants. They found 
that 1.5wt% of dispersant gave the lowest viscosity and sediment from this suspension 
yielded the highest sintered density. 
Using zirconia powder, Efka 401 dispersant and poly(vinyl butyral) binder, Mott et al. 
[I 999a] have shown that with an organic/powder ratio of 1.3, the ink has shown sagging 
during printing and the printed components failed to produce vertical walls. Also Xiang 
et al. [1997] have shown that with a dilute ink of 3.6vol% solid, containing an 
organic/powder ratio of 1, printing was not possible without time delay between layers. 
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Chapter 3. Experimental details 
The experimental details common to all chapters are described here while those 
specifically carried out for an individual work will be described in the appropriate 
chapter. 
3.1. Materials 
Table 3.1 compiles grades, properties and sources of the materials used for this work. 
Additional characterisations of individual materials are presented in the later chapters 
when such material is used. 
3.2. Preparation of inks 
3.2.1. Preparation of ceramic inks 
The inks were formulated in hundred millilitre batches and the process of mixing the 
constituents is given below. 
Sixty millilitres of isopropanol were measured using a graduated cylinder and 
transferred to a conical flask. Dispersant was added and mixed using a magnetic 
stirrer and gentle heat, on a hot plate, at 313K until a homogeneous solution was 
obtained. The solution was then divided equally into two plastic bottles of I40ml 
each. The ceramic powder was weighed and equally divided into the bottles. The 
mixture containing powder, dispersant and solvent was milled for twenty-four hours 
using a ball miller rotating at about 250rpm [Mott, 2000]. The milling medium used 
was zirconia cylinders of 5mm high and 6mm diameter. The ratio by volume of the 
mixture to that of the milling medium was 1. The binder was then dissolved in 34 or 
36m1 of solvent, depending on the volume fraction of powder, by using a magnetic 
stirrer and heat. The binder-containing solution was then divided into two and added 
to the two bottles and milled for another twenty-four hours. The milling medium was 
removed and the ink was kept agitated on a slow speed laboratory ball miller until 
used. The Inks were filtered with a 1O tm polymeric filter (Wattman Polydisc, 
Maidstone, UK) immediately before use. 
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3.2.2. Preparation of the gold precursor inks 
In the preparation of the organic gold inks, goldmercaptopropionylglycine powder 
(donated by Dr P. Bishop, Johnson Matthey Technology Centre, Sonning Common, 
UK) was dissolved in 15m1 of methanol in small amounts. One gram of powder was 
added at each time and then dissolved with the aid of gentle heat (-313K) and 
triethylamine. For each gram of powder, 0.28g of triethylamine was added. Each 
time powder was added, the mixture was manually shaken until all the powder was 
dissolved. This process was continued until the desired solid content of organic gold 
powder was dissolved in. 
For inks containing rhodium acetate, rhodium acetate addition was carried out such 
that the mass ratio for gold/rhodium metal was 200 as suggested by the materials 
donor. To achieve this ratio, the mass ratio of organic gold powder to rhodium 
acetate powder was 13g to 0.102g. First the organic gold was dissolved in methonal 
and then the rhodium acetate powder was added. 
3.3. Characterisation of inks 
3.3.1. Viscosity measurement 
Viscosity of the inks was measured with a calibrated U-tube reverse flow capillary 
viscometer for opague liquids (Type BS/1P. RF) following the procedures specified in 
BS188: 1977. A thermostatted water bath was used to keep the temperature of the 
inks at 298K. 
3.3.2. Surface tension measurement 
The surface tension of the inks was measured with a dynamic contact angle analyser 
(DCA300 series, Cahn Instruments, USA) using flame-cleaned glass slides. The 
advancing and receding speed was 155µs''. The analyser was calibrated using 
distilled water, which gave a surface tension of 72.6mNm 1 at 298K. 
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3.3.3. Particle size distribution measurement 
Particle size distribution measurements were conducted using the laser diffraction 
technique with a Malvern Particle Sizer (Model 3600Ec, Malvern Instruments, 
Worcertershire, UK). A laser beam passing through a dilute powder suspension was 
diffracted by the particles of different sizes and the diffraction information was 
detected and converted by the machine software to give volume size distribution. 
The test suspensions were prepared by ball milling as described in section 3.2.1 and 
by ultrasonic probe as follows in order to assess the effectiveness of powder 
dispersion by ultrasonic probe treatment. 1.05m1 of Efka 401 dispersant was mixed 
in 96.5m1 of isopropanol. Then 2ml of PZT (lead zirconate titanate) powder was 
added to the solution and ultrasonicated for ten minutes (in pulsed mode) at an output 
power of 100W with an ultrasonic probe (Model Sonifter 250, Branson Ultrasonics, 
Hayes, UK). Then 0.45m1 PVB binder was added and sonicated for another ten 
minutes. 
In order to carry out the particle size distribution tests, the suspensions were diluted 
to a ceramic volume concentration of around 0.008% as dictated by the requirements 
of the particle sizer. The tests were carried out in glass cell where a small volume of 
the dilute suspension was vigorously stirred, by a magnetic stirrer, to prevent 
sedimentation of particles. 
3.3.4. Measurement of the drying rate of inks 
The rate of evaporation of volatile constituents from an ink determines its drying 
rate. Drying rate of a bulk suspension with a known surface area in contact with air 
represents a simple case of drying and can provide a useful information on ink drying 
rate. Two different inks were investigated in order to understand the influence of 
dispersant (Efka 401) and binder (PVB) on ink drying. The inks were prepared as 
described in section 3.2. Land their composition is shown in Table 3.2. 
The solvent used for the inks was isopropanol. 
Thermogravimetric Analysis (TGA) was used to study the drying characteristics of 
the inks. The temperature was kept constant at 323K and the flow rate of air was kept 
at 0.417m1s"1. This low flow rate was selected so as to remove the evaporated solvent 
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out of the heating zone. Since the ink in the heating cell was shielded from outside 
interference, the air flow at the ink surface was assumed to be stagnant. In order to 
conduct a TGA cycle, the instrument was programmed with a heating rate of 
0.0167Ks-1. A known mass of ink added into a cylindrical sample pan, gave a known 
ink surface area exposed to air. Since the temperature was constant, the TGA 
temperature axes were replaced with time in seconds. The total time for a sample to 
completely dry out (zero mass loss rate) is assumed to be proportional to the original 
mass of the ink sample. Discussion of this test is given in chapter 9. 
Table 3.2. Composition of inks used for drying rate tests. 
Ink Composition vol% of dilute sus ension 
Alumina powder Dispersant, 
Efka 401 
Binder, 
PVB BN18 
Solvent 
Iso ro anol 
Al 2.00 0.40 1.60 96.00 
A2 2.00 1.50 0.00 96.50 
3.4. Characterisation of printed components 
3.4.1 Thermal analysis 
Thermal analysis was carried out in order to provide information on weight loss and 
decomposition characteristics of materials. 
Thermogravimetric analysis (TGA, model TGS-2, Perkin Elmer, USA) and 
differential scanning calorimetry (DSC, model 7, Perkin Elmer, USA) were used. 
The materials were heated in an open platinum or aluminum pan. 
Details of how the samples were prepared (e. g. powder, granule or chunky piece), 
heating rate and gas flow rate are given in the relevant chapters. 
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3.4.2 Microscopy 
An optical microscope (Wild Stereo Microscope, Model M3Z, Wild Leitz Ltd, 
Switzerland), in either transmission or reflection mode, was used to assess the quality 
of the printed ink droplets and green bodies. A scanning electron microscope, SEM, 
(Joel JXA840A, Japan), was used to characterise, at higher magnifications, the 
powder materials and the printing qualities. The features investigated included the 
surface morphology and internal microstructures of fracture surfaces of both green 
and sintered specimens. 
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Chapter 4. Printer modification and characterisation 
Commercial ink jet printers are designed to deposit non-solid containing inks or inks 
with fine solid particles in the nano-metre range and they normally print one layer of 
ink on a thin flat substrate. Also, to slow ink drying in the nozzles and hence prevent 
nozzle blockage, additives are added to the inks. Since only one layer is deposited, 
slow ink drying does not pose a serious problem in commercial inkjet printing. In 
contrast, ceramic ink jet printing requires many layers to be overprinted in order to 
produce a 3D structure. This demands quick ink drying between successive layers. In 
order to overprint many layers, paper-reversing mechanism is needed as well. In 
addition to this, ceramic inks contain larger particles and probably have higher binder 
content than commercial ink jet inks and these contribute to nozzle blockage. 
Epson Stylus Colour Its (a commercial ink jet printer) was first started with this 
work, however it proved unable to print ceramic inks. Then the work was switched to 
IBM 3852-2 Colorjet and the rest of the project was carried out with this printer. 
Starting with the Epson printer, the printers will be characterised in this chapter and 
the results of initial printing trials discussed. 
4.1. Characterisation of Epson printer 
From previous work [Xiang et al. 1997; Mott et at. 1999a], it was shown that IBM 
3852-2 Colorjet was able to print ceramic inks. However, this printer has only four 
nozzles and component build rate is extremely slow. It has also gone out of 
production and is difficult to find. Another shortcoming of this printer was its low 
resolution. This has created the need to use a widely available piezoelectric printer 
and Epson was a good choice because it is cheap, easily obtainable and has a 
resolution which is enough for ceramic printing. Epson Stylus Colour Its has an extra 
advantage which is an easily removable print head. Removing the print head for 
cleaning to un-block the nozzles was found necessary with IBM 3852-2 [Mott et al. 
1999a]. 
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4.1.1. Printer description 
Fpson Stylus colour Its is a drop-on-demand piezoelectric printer and has a 
maximum raster graphics resolution of 360dpi (dots per inch). It has two removable 
printer heads which host a monochrome (black) and a colour ink cartridges. The 
monochrome printer head has 64 nozzles and the colour one has 60 nozzles, 20 
nozzles tl)r each of the colour inks: Magenta, Cyan and Yellow Fpson, 1995, p. A- 
21. This printer has a nozzle size of 30µm as revealed by SEM examination. The 
nozzles are manufactured on a metal plate as shown in Fig 4.1. The nozzles are the 
small dark holes in the middle of the larger circles. 
? OOpun 
Figure 4.1. Optical microscopy showing the nozzles of an Epson 
Stylus Colour Its black printer head for black ink. 
Figure 4 
.2 shows a schematic diagram of' l: pson Stylus Colour l is printer head 
configuration. The ink cavity (reservoir) is formed by two metal plates and a rubber 
seal. The thickness of'the cavity structure including the metal plates is about 250pm. 
Piezoelectric actuators attached on the top plate cause def )rmatiun of' the plate and 
hence drop ejection. I)ue to the size of'the ink cavity, ink drying and accumulation of' 
ceramic particles in the cavity are thought to be major problems with this printer. 
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, 4-- Ink catridge 
Catridge holder 
Ink supply pipe 
Ink filter 
ik cavity 
Nozzle plate(nozzles) 
Figure 4.2. Schematic diagram showing the Epson Stylus Colour Its 
black printer head configuration. 
4.1.2. Printer resolution tests with commercial Epson inks 
In order to test the necessary resolution for ceramic fabrication which gives complete 
surface coverage of the printed area, two lines of 180dpi and 360dpi were printed on 
inkjet transparency. Epson ESC/P2 control codes were used to send instructions to 
the printer using BASIC programming language. From Figure 4.3, it shows that full 
surface coverage is achieved at 360dpi. It also shows that with the black print head at 
180dpi resolution, the droplets formed a continuous line. With the same resolution of 
180dpi, the colour printer head was only able to deposit isolated droplets. Difference 
in nozzle separation distance for the two print heads and ink properties variation may 
be responsible for the surface coverage difference of the printed images. Table 4.1 
gives composition and properties of the inks used in this chapter. 
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s 
I5Opm 
a). Two lines of dots printed at 180dpi with Epson black ink 
on an ink jet transparency. 
A&z 
I ALI 
v 
MiL 
IMP 
150pni 
h). Two lines of dots printed at I89dpi with Epson colour ink 
(magenta) on an ink, jet transparcncý'. 
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c). Two lines of dots printed at 360dpi with Fpson black ink on an 
ink, jet transparency. 
Figure 4.3. (a-c). Printer resolution tests using an Epson 
Stylus Colour Its printer. 
4.1.3. Printing tests with ceramic inks 
An ink containing 2 l° alumina (ink 8 cif table 4.1), which was filtered with Wpm 
aperture filter immediately prior to printing, was trial printed. The printed images 
have shown extensive handing and in some cases no ink was deposited at all. Banding 
can he described as printed strips consisting of' two or more lines with un-printed 
strips or lines between them. The reason for the handing was nozzle blockage but the 
cause of the blockage was not clear. The filtering operation ensured that any 
agglomerates above 1Opm has been removed. In addition to nozzle blockage, print 
head fäilurc was experienced with this Fpson printer. 
the causes of' nozzle blockage were first investigated as described below. l'wo 
probable causes investigated were physical blockage of' ceramic particles and ink 
drying in the ink cavity and at the nozzles. 
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4.1.3.1. Nozzle blockage 
Nozzle blockage may result from either ceramic particles physically blocking the 
nozzles or the ceramic ink drying at the nozzle or a combination of both. The two 
contributing factors were investigated separately. 
1. Blockage by ceramic particles: 
To identify the contribution of ceramic particles in nozzle blockage, a number of inks 
were used. A solvent-only ink was first started with and then inks with the organic 
ingredients only, i. e. without ceramic powder. The ink consisting of solvent 
(isopropanol) only was printed continuously for about thirty minutes without any 
problem. This showed that a liquid without polymeric binder or solid particles was 
able to print without any blockage. 
Then solutions of the solvent containing only organic ingredients (inks 4 to 6 of table 
4.1) at different volume percentages (2vol%, 4vol% and 8vol%) were printed. 
Printing was carried out continuously for thirty minutes with inks up to 4vol% 
organic without any blockage problems. At 8vol%, however, the printed images 
showed banding. This means that some of the nozzles were blocked while others were 
working. The first printed layer showed banding meaning that blockage happened 
right from the start. Several printing runs were conducted and the nozzle blockage 
happened each time with a gradual increase of the number of blocked nozzles. The 
same printer head was cleaned with solvent after the nozzle blockages were 
experienced. Further printing trials of this printer head with isopropanol showed no 
blockage. This ruled out any suspicion that the printer head was faulty. Since this ink 
did not contain any ceramic particles and was filtered before printing, it is reasonable 
to assume that dry polymer in nozzles and cavity is the cause of the blockage. Also 
since the 4vol% organic only ink printed without any problem suggests that, for the 
ceramic ink which contained similar percentage of solid content, the presence of 
particles in the ink was a major factor for nozzle blockage. 
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2. Drying of ink at the nozzles: 
The drying rate of an ink is largely determined by the drying rate of the solvent. 
Thermogravimetric Analysis, (TGA-2 instrument, Perkin Elmar, USA) was used to 
compare the drying rate of isopropanol based ceramic ink (No. 8) to that of Epson 
commercial inks 1 and 2. The tests were done at 373K and an air, at a flow rate of 
0.42m1s'. A similar procedure as described in section 3.3.4 was used to conduct this 
test. Figure 4.4 shows a chart of the drying rate test. The gradients of the curves give 
the mass of ink removed per second. The percentage masses were converted to actual 
masses by using the starting masses of the inks which were 28.72mg for the black 
inkjet ink, 43.48mg for the magenta ink and 32.91mg for the ceramic ink. The 
gradients calculated from the graph are 19.75 x 10'3mgs'1 for the ceramic ink, 
5.75 x 10'3mgs'1 for the black inkjet ink and 4.35 x 10'3mgs"1 for the magenta ink. 
These results clearly show a significant drying rate difference between isopropanol 
based ceramic inks and commercial Epson inkjet inks. This suggests that for ceramic 
ink jet printing, ink drying in the cavity and nozzles might be a contributing factor to 
nozzle blockage. 
4.1.3.2. Failure of the print head 
Another problem experienced with Epson Stylus Colour Its was print head failure. 
The nozzle plate is attached to the rest of the printer head by a rubber seal. The rubber 
seal was found to be sensitive to the solvent used in this work. It would swell and 
weaken after few days of contact with the solvent (isopropanol). This resulted in ink 
leakage and when pressure was applied to the ink during cleaning of the printer head; 
the nozzle plate detached from the rest of the printer head. Attempts were made to 
prevent the ink leakage by replacing the rubber seal with an epoxy resin. This was 
unsuccessful because it was very difficult to control the spreading of the resin within 
the delicate structure of the nozzle plate. As a result, over-flow of resin caused 
blockage of the nozzle entry and prevented ink flow into the nozzles. 
It was clear from the above investigations that the Epson printer was not suitable for 
ceramic ink jet printing work. Although the high resolution and fine nozzle size were 
major advantages, the complex and delicate internal structure of the print head, the 
fine nozzle size and the sensitivity of the seal to organic solvent made it difficult to 
avoid nozzle blockage and failure of the printer head. Therefore, it was decided to 
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modify an IBM 3852-2 Colorjet, which has a simple and robust printer head and 
bigger nozzle size. 
100 
80 
60 
E 
40 
20 
0 
+ Black inkjet ink 
-Magenta inkjet ink 
- 0-- 2vol% ceramic ink 
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 
Time/s 
Figure 4.4. Drying rate of Epson inkjet inks compared with 
isopropanol based ceramic ink. 
4.2. Modification and characterisation of an IBM Colorjet printer 
4.2.1. Printer description 
IBM 3852-2 Color et is one of the earliest mass produced piezoelectric printers for 
the consumer market (manufactured in 1986). Its relatively simple and robust printer 
head structure and control system made it an ideal choice for carrying out 
modifications for a fundamental study in inkjet printing. This printer has four 
horizontally arranged nozzles of 65µm diameter each. The spacing between nozzles is 
3mm. Each nozzle consists of a glass tube tightly fitted in a sleeve of piezoelectric 
actuator which is independently activated by a 60V pulse. When such a voltage pulse 
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is applied, the actuator squeezes the glass tube and an ink droplet is ejected 
from the 
orifice of the glass tube by the resulting pressure wave [IBM, 1985, p. 17-1]. It can 
print seven colours (yellow, magenta, cyan, black, red, blue and green) which would 
give sufficient freedom in the study of composition variation for ceramic ink 
jet 
printing. The original resolution of the printer was 100dpi horizontally and two 
selectable vertical resolutions which were 72dpi and 96dpi. As shown by previous 
work, Mott et at. [1999a], this resolution was insufficient to produce continuous 
coverage of ink and unable to produce void-free layers of deposition needed for 
building three dimensional components. The space between the printer head and 
substrate was also too small to accommodate variation in component thickness. The 
paper feeding system allowed only forward feeding and therefore needed 
modification to facilitate repeated ink deposition on the same area. 
4.2.2. Printer modification 
In order to be able to fabricate 3D ceramic structures, several modifications was 
made. This was carried out with the help of a visiting researcher, Dr ZeZhong Xia. 
The vertical resolution (the direction of substrate movement) was increased to 262dpi 
by fitting reduction gears to the stepper motor that drives the platen rollers. The 
horizontal resolution was also increased to 262dpi by replacing the original optical 
track system with an encoder fitted to the printer carriage motor to increase the 
frequency of the printing pulses. Reduction gears were also fitted to reduce the linear 
speed of the printer carriage so as to ensure the accurate response of the printer head 
to the new pulse frequency. The resulting resolution was 262x 262dpi which was 
equivalent to a centre-to-centre droplet spacing of 97µm. This resolution was 
sufficient for adjacent droplets to overlap and hence maintain the continuity of 
surface coverage. Figure 4.5 shows a photograph of the modified printer. A vertical 
flat screen fitted with a modified paper feed mechanism replaced the rotary platen 
(Figure 4.5). A reversing switch was fitted to the stepper motor that drives the paper 
feeding mechanism. Addressing the serial port of the computer from within the 
software activated the switch. This modification allowed repeated overprinting on a 
flat substrate fixed to the feed paper and reciprocated on the screen. 
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The maximum printing area was designed as 75mm (horizontal) by I00mm (vertical). 
To accommodate variable substrate thickness, the printer carriage was lilted on a 
platform. The platfbrm can be adjusted to move horizontally in the direction 
perpendicular to the flat screen using a micrometer screw gauge. This allowed the z 
displacement of the printer head to be controlled manually at an accuracy of' 10 
micrometer. The maximum z distance achievable (from the nozzle tip to the surface 
of the vertical screen) was 25mm. These modifications enabled a component with 
maximum dimensions of' 75 x 100 x25 mm (length, width and thickness, respectively) 
to he printed. 
d 
a. Printer head, li. Ink catridge, c. Ink supply pipelines 
d. Ink bleeding/overflow pipelines 
e. Printing area, f. Paper feed direction 
Figure 4.5. The modified HIM 3852-2 Colorjet printer 
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A windows TM printer driver software ("Ceramic Printer V LO") was written in visual 
C++. This software provided user-friendly tool for converting information of 
component design details to printing commands and eliminated the complex and 
tedious work of designing components with programming languages. Two- 
dimensional images "sliced" from a 3D image of a component can be designed using 
a graphic package such as PaintbrushTM and saved as a series of files in bitmap 
format. This format gave the freedom to design a 2-dimensional pattern with both dot 
by dot registration and ink selection by addressing different ink reservoirs (cavities). 
The printer driver software generates printing commands including registration of 
droplets, ink selection, printing sequence and delay time between layers to assist 
drying. The slice data is sent to the printer in the form of ASCII codes which the 
printer hardware can recognise. 
4.2.3. Characterisation of the modified IBM printer 
4.2.3.1. Printer head configuration and ink supply 
The configuration of the IBM printer head is shown schematically in Figure 4.6. Ink 
is drawn to a nozzle through a plastic tube from an ink cartridge. There are four 
independent ink reservoirs (cavities) for each print head but only one nozzle and one 
ink reservoir is shown in the figure. Compared with the Epson printer head, the larger 
volume of the ink reservoirs and the modified ink supply mechanism used in the IBM 
printer head made it more tolerant to sedimentation of ceramic powder. Cleaning of 
the printer head was also easier. For instance, the cleaning liquid may be pumped 
with a syringe from the ink supply pipeline and exit from the nozzle and the bleeding 
pipeline. The original ink cartridge was replaced by a simple ink supply system as 
shown in Figure 4.6. This gave considerable flexibility in changing inks because ink 
bottles could be installed easily and replaced by a bottle containing a cleaning solvent 
when cleaning is necessary. Ink level was found important to the correct formation of 
ink droplets and should be set as the same level as that of the nozzles. If it was set too 
high, hydrostatic pressure could cause ink to drip at the nozzle tip and adversely 
affect the correct firing of droplets. If it was set too low, it would cause insufficient 
ink supply as ink could not reach the nozzles. The nozzles needed to be primed each 
time a new ink bottle was installed. This was done to remove air within the ink cavity 
and the piping system. The priming action was carried out by applying pressure to the 
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ink reservoir through the ink bottle using a syringe. The printer head reservoirs 
have 
bleeding pipelines which allow removal of air and ink overflow. 
Voltage supply 
I 
Noe 
Bleeding 
pipeline 
.,.,. __-. Ink level 
_ 
Hypodermic 
needle 
Figure 4.6. Schematic diagram of nozzle configuration and ink 
supply system of the modified printer. 
4.2.3.2. Effect of print head z-direction displacement on droplet off-set 
During printing, the printer head travels at a constant lateral speed. Each fired droplet 
will lands on the top surface of the component at a horizontal position different from 
that at which it was fired. This difference in position is termed droplet off-set. The 
off-set is related to the firing speed of the droplet, the travelling speed of the printer 
head and the distance in Z direction between the nozzle and the top surface of the 
component being fabricated. To ensure the correct registration of droplets during 
printing of a 3D component, it is important to know the off-set in order to adjust the Z 
Ink bottle 
80 
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distance accordingly. The relationship between the off-set and the affecting 
parameters mentioned above was studied. 
Using a 2vol% alumina ink containing 1.6vol% binder and 0.4vol% dispersant, a 
vertical reference line was printed and then lines parallel to the reference line were 
printed at different Z distance. The droplet off-set distance (the separation of the 
parallel lines from the reference line) was read with a travelling microscope. The Z 
distance was plotted against the droplet off-set. It was found that a linear relationship 
exists between Z distance and droplet off-set. The results of this investigation are 
discussed in Chapter 9. 
4.2.3.3. The effect of droplet spacing and forced drying on drying and flow 
behaviour of deposited ink 
Inkjet printing builds three-dimensional objects by putting solid-containing droplets 
next to each other. The distance between adjacent droplets determines whether full 
surface coverage is achieved or not. Adjacent droplets may be non-overlapping, 
partially overlapping or fully overlapping as shown in Figure 4.7. The drop to drop 
distance affects the amount of ink deposited per unit area and thus the time needed for 
the deposited material to dry. 
For a given nozzle size, the minimum drop to drop distance is dependent on the 
resolution of the printer. However this distance can also be controlled by design of 
the droplet registration. 
00 
4 
4 a. Non-overlapping 
droplets 
b. Partially 
overlapping droplets 
c. Fully overlapping 
droplets 
Figure 4.7 (a-c). Possible cases of adjacent droplet spacing. 
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If the droplets are non-overlapping (Figure 4.7a) or partially overlapping (Figure 
4.7b), the gaps between deposited droplets may give rise to voids in the 
microstructure. On the other hand, il' the droplets were fully overlapping in a single 
layer of deposition (Figure 4.7c), a pool of liquid, which sags down the vertical 
substrate, would be formed. If forced drying was not used, this excessive deposition 
of ink would cause distortion of the printed component, and adversely affect its shape 
and dimensional accuracy. During a printing trial with ink 13 (table 4.1 ), it was 
observed that the deposited ink was flowing down the substrate. The printed coupon 
was 1 10 dots long and 40 dots wide and printing was conducted in "full dots" mode. 
I fundred layers were overprinted without forced drying. Figure 4.8 shows the printed 
coupon. Vertical paths formed by the flow of liquid can he seen on the picture. On the 
upper side of the component there is an area which is thinner than the rest of the 
sample. This is a clear indication of ink flow. 
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Figure 4.8. A hundred-layer coupon printed with ink 13 in full 
dots mode and with no forced drying. 
HIC solution to the problem of' ink flow is printing a layer of' partially overlapping 
droplets with gaps between drops and then filling the gaps when printing the 
subsequent layer. I'his results in two layers (or passes) which till eich other to make a 
full layer with no gaps. The partially overlapping layers are called "chessboard" or 
''missing dots mode" and the resultant full layer with no gaps is termed as "füll dots 
mode". Figure 4.9a shows a schematic of one layer ofdroplets in the "chessboard" or 
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"missing dots" mode. Because of ink spreading, when printed in "chessboard" or 
"missing dots" mode, partially overlapping droplets are produced on the substrate. 
To fill the gaps in the previous layer, a subsequent layer of droplets is printed in the 
same mode but with the droplet positions shifted. This would produce a full surface 
coverage in two layers of printing. In contrast, the "full dot mode" printing produces a 
full surface coverage in a single layer of printing. The advantage of "chessboard" 
mode printing over the "full dot" mode, depicted in Figure 4.9b, is that the amount of 
ink deposited for each layer is reduced to a half and would require less time to dry. 
This would help to avoid ink flow along the substrate in the case where ink drying 
rate is slow. 
""""""""""" 
""""" 
E---I 
194µm (a) 
""""""""""" 
""""""""""" 
""""""""""" 
""""""""""" 
""""""""""" 
""""""""""" 
""""""""""" 
""""""""""" 
""""""""""" 
""""""""""" 
(b) 
Figure 4.9. Schematic design of the printing modes for droplet position 
registration: (a) "dots missing" or "chessboard" mode, (b) "full dots" mode. Note 
that the ink will spread on impact on the substrate and the degree of droplet 
overlapping will be increased. 
The effectiveness of the "chessboard" printing mode in controlling ink flow is 
demonstrated in Figure 4.10. Using 2vol% PZT ink (No. 13), one full layer was 
printed in chessboard mode (Figure 4.10a) and in full dots mode, Figure 4.10b. The 
substrate used was an overhead transparency. The effect of reducing the amount of 
fluid deposited per layer on ink flow is quite evident from Figure 4.10a. The image 
printed in the full dots mode (Figure 4. l Ob) does not look like to be composed of dots 
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Figure 4.10. Comparison of the effect of printing modes on ink flow and 
drying: (a) a full layer coverage printed in the "chessboard" mode, (b) 
a full layer coverage printed in the "full dots" mode where flow lines 
can he clearly identified. 
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printed next to each other. Horizontal features that have the shape of water waves are 
shown and the droplet boundaries do not exist at all where as the image printed in the 
chessboard mode clearly depicts droplet boundaries. The trade-off for using the 
"chessboard" printing mode is a lower material deposition rate, compared with the 
"full dots" mode, and hence increased printing time. For instance, the time needed to 
print a full-layer coverage, of a coupon of 130 dots long and 40 dots wide, in 
chessboard mode was 134 seconds. In full dots printing mode, the time needed to 
print the same coupon would be 67 seconds. 
One possible solution to maintain high deposition rate and to avoid ink flow on the 
substrate is to enhance the drying rate of the deposited ink, termed in this work as 
forced drying. A 100Watt table lamb was used to radiate heat directly on to the 
printed area in order to dry the deposited material between layers. However, this was 
found insufficient to stop ink flow in "full dots" mode printing. Then a hot air station 
originally designed for de-soldering was used. A flexible, 5mm diameter, tube was 
used to direct the hot air onto the printing area. One end of the tube was connected to 
the hot air supply and the other end was mounted on top of the print head so that the 
exit of the tube would travel with the printer head to produce a sweep of hot air over 
each printed line of droplets. The use of the hot air blower was found effective to 
control the vertical flow of ink deposited in "full dots" printing mode, but it presented 
new problems: 
(1) Ink drying at the nozzle tip was enhanced hence more frequent nozzle cleaning 
was necessary. 
(2) The air blow did interfere with the droplet registration. The air blew the droplets 
off course during flight. Components printed with an airflow rate of above 0.050Ls"l 
showed more ink spraying. Ink spraying is discussed in chapter 9. To minimise these 
adverse effects, the air-flow rate was kept low to 0.033Ls" during printing and the 
temperature at the exit of the tube was kept at 333K. 
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4.2.3.4. Characterisation of ink jet droplet formation 
The size, shape and travelling velocity of ink droplets during ejection was studied at 
Oxford Lasers (Imaging Division) laboratory, Abingdon, UK using a high-speed 
digital camera and an imaging analysis system (Visisize Solo TM). The laser used for 
illumination of the droplets was a copper vapour laser with the pulse rate 
synchronised with the framing speed of the camera. The camera was a Roper 4540mx 
operating at maximum 9000 frames per second with an image size of 256 x 128 
pixels. An isopropanol solvent and 2vol% alumina ink (No. 12 of table 4.1) were used 
in this investigation. The set-up of the equipment is shown in Figure 4.11. As the 
printer nozzles constantly eject droplets while travelling with the printer head 
carriage, the camera and the laser illumination were placed in line with the travelling 
direction of the printer head. Four separate filming tests were conducted. Three of 
them were done with isopropanol (tests 1 to 3) and one was done with alumina ink. 
After the images of the droplet ejection process were recorded, they were screened to 
identify the frames that were captured when droplets were in focus and then analysed 
with the imaging analyser. 
3 
I 
f- 
1- The print head carriage 
2- The high speed digital camera 
3- The laser illumination. 
D 
Figure 4.11. Schematic diagram showing the arrangement of instruments 
for the droplet ejection imaging tests. The arrow indicates the direction of 
printer head travel. 
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Figure 4.12. Five consecutive frames showing the ejection and 
development of inkjet printed droplets. 
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The imaging software is able to carry out simultaneous drop sizing and velocity 
measurement. It calculates the area and perimeter of individual droplets and generates 
a droplet size distribution. The travelling velocity of droplets can be calculated from 
the position difference of droplets in a series of frames taken at regular time interval 
(1/9000 second). 
A liquid jet is inherently unstable and will break up into drops as a result of its natural 
tendency to minimise surface-free energy, which is equivalent to minimising the 
surface area. This occurs whether or not additional forces act upon the jet. In the 
absence of imposed disturbance, the jet will break up randomly into drops of varying 
size and velocity as surface tension tends to minimise the surface area of the jet. 
Liquid viscosity exerts a stabilising influence by opposing any change in system 
geometry. On the other hand, aerodynamic forces acting on the liquid surface may 
promote a disturbance process by applying an external distorting force to the bulk 
fluid. Break up of the jet occurs when the magnitude of the disturbing force exceeds 
the consolidating surface tension force [Lefebvre, 1989, p. 27]. 
Lord Rayleigh investigated the instability of an inviscid fluid jet with a cylindrical 
shape subjected to small disturbances. The aim was to predict the conditions 
necessary to cause the collapse of the jet issuing at low velocity, for example, a low- 
speed water jet in air. Rayleigh described the capillary instability phenomenon by a 
growth rate method. He stated that the growth rate disturbance of a stimulated jet is 
exponential and that the growth rate of the fastest-moving disturbance is given by 
[Lefebvre, 1989, p. 39]: 
0.5 
qm 0.97 a 
pd3 
(4.1) 
and A0P,, correspoding to gmax, 1S 2opt =4.51d (4.2) 
After break up, the cylinder of 4.51 d length becomes a spherical drop so that 
4.51d x4 d1 =6 D' and hence (4.3) 
D=1.89d (4.4) 
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q is the exponential growth rate of disturbance 
a is surface tension 
p is density of liquid 
d is jet diameter and D is drop diameter 
), is wavelength of disturbance 
Thus for the Rayleigh mechanism of break up, the average drop size is nearly twice 
the diameter of the undisturbed jet [Lefebvre, 1989, p. 39]. Rayleigh related the 
wavelength of the disturbance needed to create a break up of the jet to the diameter of 
the jet before break up and found that there were two regimes. The first regime is 
defined by , l/d < 7t [Fagerquist, 1996]. The amplitude of the surface deformations in 
this regime decreases with time because of surface forces. The second regime is 
determined by the condition where A/d > iv. In this regime, the amplitude of the 
disturbed surface increases until it reaches the value of the jet radius. At this point, 
the continuous jet of liquid breaks up into equal mass drops [Fagerquist, 1996]. 
Rayleigh's capillary instability is normally used to describe the jet break up and 
droplet formation of continuous inkjet printers. However, the droplet formation and 
break up of piezoelectric drop-on-demand inkjet is significantly different from that of 
the continuous inkjet. First, there is no imposed perturbation disturbance and second 
the jet formed by drop-on-demand printer is intended to produce one droplet. Hence 
the jet is much shorter than that formed by continuous jet. High-speed photography of 
drop-on-demand jet break up has shown [Bogy and Talke, 1984; Chen, 1999] that 
droplets are not of uniform size. Referring to Figure 4.12 shows the droplet formation 
and break up process of drop-on-demand printer. It shows five consecutive images 
taken when the droplets were in focus. First, the volume of the ink chamber is 
reduced by applied positive pressure and this causes the nozzle to produce a jet whose 
tail is attached to the ink in the nozzle aperture. As soon as the pressure is removed, 
the volume of the ink chamber expands and the liquid at the nozzle aperture is sucked 
back into the chamber by the negative pressure created due to volume expansion. The 
negative pressure (suction) pulls back the ligament or droplet tail and causes the 
droplet head to detach from the ligament. The negative pressure thus results in 
velocity and position difference with respect to time between the droplet and the 
ligament as shown in frame 3 of Figure 4.12. After detaching from the nozzle, the 
droplet and the ligament are subjected to Rayleigh's instability and they may further 
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break up into smaller droplets depending on the forces acting upon them which are 
aerodynamic and surface forces. 
Results from trial one gave various droplet diameters from 23.93 to 62.1µm and 
velocities of the isopropanol droplets from trial three varied from 5.2 to 6.5 1 ms"'. The 
droplet size distribution indicates that the sizes of both the main droplets and satellite 
droplets, which are smaller than main droplets, were measured. 
4.2.3.5. Characterisation of ink droplet spreading 
Apart from the size of droplets and resolution of the printer, ink spreading upon 
impact on a substrate determines the quality of the printed image or component. Drop 
spreading is related to the substrate used, ink properties and printing conditions. For 
instance, Klintberg at al. [1999] have shown that single droplets of a PZT ink printed 
on the same substrate heated to different temperatures produced different droplet 
sizes. When printed at room temperature, the droplet size was 316µm, however when 
the substrate temperature was increased to 353K, the droplet size decreased to 174 
µm. The effects of binder content in the ink and the selection of substrates on ink 
spreading were investigated. Binder content controls the viscosity of the ink. To test 
the effect of ink viscosity on drop spreading, two PZT inks (No. 14 and 15 in table 
4.1) were printed on an over head transparency. Ink 14 contained 0.8vol% binder 
giving a viscosity of 3.64mPas and the other ink contained 2vol% binder with a 
viscosity of 4.94mPas. In order to prevent the droplets merging, five dots were missed 
between each two consecutive drops. Then the prints were examined using SEM. As 
shown in Figure 4.13, the ink with 0.8vol% binder had produced an average impact 
size of 294µm while for the other ink, with higher viscosity, the droplet size was 
176µm. This clearly shows that to reduce ink spreading and improve printing quality 
high viscosity ink is favourable. 
A phenomenon observed in this experiment and also reported by Klintberg et al. 
[1999) was that the micrographs of the PZT droplets have revealed higher powder 
concentration at the rim of the droplets after the solvent had evaporated. This implies 
that the particles were mobile and were drawn to the rim by the lateral flow of ink 
during impact. Figure 4.14 shows SEM picture of one full layer (2 passes) printed in 
"chessboard" mode with ink number 13. 
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Figure 4.13a. SEM showing droplets printed with 2%, oI% PZT ink 
of O. 8voI% binder content and viscosity of 3.64milas. 
Figure 4.131). SEM of droplets printed with 2v, o1'%, PZT ink 
of 2vo1'%, binder content and viscosity of 4.64mPas. 
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Figure 4.14. SEM of one full layer, printed with 2vol'% PZT ink 
(No. 13), showing non-uniform particle concentration. 
The micrograph shows higher concentration of powder at the rim of droplets and the 
areas where two or more droplets have merged. Although non-uniform particle 
concentration has been observed when few layers are printed on a substrate, it is 
believed that this phenomenon does not contribute to macro and micro-structural 
defect formation during printing of 3D ceramic components. It is, however, related to 
the ink viscosity that when droplet spreading in kept to minimum, the particles will be 
concentrated on a smaller area and hence more unilornº particle spacing. 
In addition to ink composition, ink spreading also depends on the substrate used fier 
printing. For ceramic ink jet printing, this is true only for the first lew layers as the 
effect of' substrate is eliminated when it is covered by ceramic layers. Figure 4.15 
shows the IBM commercial ink (black) printed on acetate and On un-coated (ordinary) 
printing paper. on the paper, the ink has penetrated the paper and then spread 
laterally along the fibres. The result is feathered edges of the droplets caused by 
unequal spreading of the ink along the different fibres. On the acetate, however, there 
was no penetration and only a lateral spreading happened resulting in much smoother 
edges of the droplet. In terns of diameter, the droplets printed can acetate had an 
average size of' 1 15ftm whereas those printed on paper were I87ptrn. 
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Figure 4.15. Optical micrographs showing the effect of substrate on ink 
spreading (a) Dots printed on transparency with IBM commercial ink (black), 
(h) Dots printed on ordinary office paper with IBM commercial ink (black). 
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These two micrographs clearly demonstrate the importance of substrate properties for 
inkjet printing and the fact that the size of printed drops depends on the substrate. For 
ceramic inkjet printing, two properties of the substrate should be verified for 
successful printing operation: 
(1) The ink must wet the substrate evenly and not make pools of liquid separated by 
empty areas. 
(2) The printed component has to be able to easily come off from the substrate after it 
has dried. Contamination of the printed coupon by the substrate also needs 
consideration. 
4.2.3.6. Ink composition variation 
In this work three different ceramic powders (alumina/zirconia, lead zirconate titanate 
and barium titanate) and an organic gold powder were used to prepare inks. In the 
following chapters, from each powder or material, inks of different composition were 
prepared and used for printing ceramic objects or gold films. The composition of the 
inks was varied for one or more of the following reasons: 
1) To improve ink quality and hence enhance the printability of the inks: In such 
cases, either ink viscosity was increased or the ceramic content of the ink was 
decreased compared to a previous ink. In one or two cases, ink viscosity was 
decreased in order for the ink to be printable. 
2) To increase deposition rate or component building rate: In these cases, the powder 
to polymer ratio of the ink was increased. 
3) To find out the cause or causes of macro and micro-structural defects found in 
some of the printed components: The amount of binder or dispersant in the inks 
was varied in order to isolate the cause of the problem. In each test, either the 
binder or dispersant was increased or decreased and its effect on defect formation 
observed. 
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Chapter 5. Fabrication of A1203-A1203/ZrO2 composite 
laminates 
5.1. Introduction 
In Inkjet printing, a layer is one pass of printing. When many one-pass layers are 
overprinted, they form a strip. In contrast, one pass layer is not used in the 
terminology of other laminate fabrication techniques. Hence the strips are referred to 
as layers. 
Laminates or multi-layered composite materials are of considerable interest to a 
number of technological applications. These include functional materials in 
electronics such as multi-layer capacitors, actuators and multi-layer electrolyte in 
solid oxide fuel cells. 
Two issues of layered materials that have been studied in the literature are the 
fracture resistance mechanism of layered structures and the processing defects 
experienced during the manufacture of these materials. A number of studies were 
made of the improved fracture resistance offered by layered structures compared to 
monolithic materials [Marshall, 1992; Marshall, 1996; Harmer et al. 1992; Park et al. 
2000]. 
Depending on the nature of bonding between the layers, two types of layered 
ceramics, which prevent crack growth, were identified as: (1) weakly bonded 
systems and (2) strongly bonded systems. In weakly bonded systems, debonding of 
the layer interfaces prevents crack growth normal to the layers by deflecting the 
crack from its path [Marshall, 1996]. Catastrophic failure is thus avoided in these 
composites because crack propagation is arrested at the weak interface, and the work 
of fracture increases greatly [Zeng et al. 2000]. In strongly bonded laminate 
composites containing zirconia, crack growth is prevented by transformation 
toughening in the layers containing zirconia [Marshall, 1996]. Stress-induced 
martensitic tetragonal-to- monolithic transformation around the crack tip is thought 
to be one of the mechanisms of transformation toughening [Marshall, 1992]. The 
transformation from tetragonal to monoclinic phase is induced by the tensile stress in 
front of the crack tip. The phase transformation, associated with volume expansion, 
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in turn creates a compressed zone around the crack tip and thereby suppresses further 
opening of the crack. 
Oxide laminate composites have been fabricated by various routes including tape 
casting, slip casting, die pressing and electropheric deposition [Park et at. 2000]. 
Tape casting is by far the most common fabrication method for ceramic laminates. 
Casting of the ceramic sheets, printing of conductive tracks, lamination, debinding 
and co-firing are the necessary steps for the fabrication of multi-layered ceramic 
laminates and variations in those processes can have significant effects on the final 
product [Sung et al. 1999]. 
Cracks and crack-like defects are commonly observed in film/substrate systems and 
ceramic hybrid (different in composition) laminates [Cai et al. 1996]. These defects 
include channel crack (perpendicular to the interface), edge crack (parallel to the 
interface) and debonding [Cai et al. 1997] and are caused by mismatch stresses 
between layers. The origin of these mismatch stresses is related to differential drying 
before sintering, differential densification during sintering and thermal expansion 
misfit during cooling [Cai et al. 1997]. Whether generated during the sintering period 
or the cooling period, the mismatch stresses generally place a biaxial tension on the 
layers that have a more rapid densification rate or higher thermal expansion 
coefficient. One way of reducing the mismatch stresses is to use layers or strips 
which have nearly similar densification rate and thermal expansion properties. By 
using a laminate made of alternating alumina and zirconia layers, Cai et al. [1997] 
showed that extensive cracking, normal to the layers, took place in the zirconia 
layers. However by using a layered structure consisting of alternating layers (strips) 
of alumina and a composite of alumina/zirconia mixture, they were able to eliminate 
the cracking. 
The aim of this work is to study the capability of ink jet printing to fabricate multi- 
layered ceramic composites. A1203 and A1203/ZrO2 composite laminate was used as a 
case study. The work focuses on two areas: a) the quality of deposition including 
prevention of processing defects within and between strips and b) assessing the 
minimum strip thickness that can be fabricated with this printer. Alternating strips of 
100vol% A1203 and a composite of 70vol% A1203 - 30vol% Zr02 were printed to 
form a 3D structure. 
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5.2. Experimental details 
5.2.1. Materials and ink preparation 
The materials used for formulating the inks are shown in Table 5.1. More detailed 
information on the properties of these materials is given in chapter 3. As-received 
alumina and zirconia suspensions were prepared for Scanning Electron Microscope 
(SEM) examination. The suspensions were prepared as follows. Fifty millilitre of 
solvent and 0.5g of dispersant were mixed using a magnetic stirrer and gentle heat 
(323K). Then lg of powder was added to solution and shaken manually for three 
minutes. Using a pipette, the dilute suspension was then deposited on SEM stubs. 
As shown in Table 5.2, four inks of different compositions were prepared by wet ball 
milling. The procedure used to prepare the inks was presented in chapter 3. The 
proportion of powder in the AI203/ZrO2 inks was 70/30% by volume. 
Table 5.1. Materials used in the formulation of ceramic inks 
Material/grade Density (Kg. m' ) 
Alumina Powder, A16SG 3987 
Zirconia powder, HSY3 
Dispersant, Efka 401 
5954 
950 
Binder, Polyvinyl butyral (PVB), BN18 1100 
Solvent, Isopropanol 786 
5.2.2. Characterisation of the inks 
The viscosity and particle size distribution of the inks were measured as described in 
Chapter 3. The viscosity values are given in Table 5.2. The particle size distribution 
of the as-received powders was also measured. The powders were dispersed in 
isopropanol using Efka 401 dispersant. To disperse the powders in the solvent, the 
suspensions were manually agitated (shaken) for five minutes. 
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Table 5.2. Composition of the inks (vol%) 
Material Inks 
Al A/Z1 A2 A/Z2 
Alumina 2.00 (50) 1.40 (35) 3.00 (66.67) 2.10 (46.47) 
Zirconia -- 0.60 (15) -- 0.90 (20) 
Dispersant 0.40 (40) 0.40 (40) 1.50 (33.33) 1.50 (33.33) 
Binder 1.60 (10) 1.60 (10) -- - 
Solvent 96.00 96.00 95.50 95.50 
Viscosity (mPa. s) 4.66 4.78 3.44 3.47 
A-alumina. 
A/Z-alumina/zirconia. 
$ The values inside the brackets represent the ink composition based on the non- 
volatile species. 
5.2.3. Component design 
The design of the printed laminates is shown in Figure 5.1. The number of full-dot 
layers overprinted for each strip is shown by the number on the right hand side of it. 
The dark layers represent alumina and the light-grey layers represent the composite 
ink. The number of layers per strip were varied from 10 to 300 to test the 
repeatability and the lower limit of strip thickness that can be fabricated with this 
printer. In order to test the repeatability of the printing process, strips which contain 
the same number of layers were printed more than once. 
5.2.4. Printing procedure 
Printing of composite laminates with the configuration shown in Figure 5.1 were 
carried out. Five identical components were printed for each design. The substrate 
used was an overhead transparency. Two printer nozzles were used, one for the 
alumina ink and the other for the composite ink. Laminate A (Figure 5.1) was printed 
with inks Al and A/Z1 and laminate II was printed with inks A2 and A/Z2. 
98 
Chapter 5. Fabrication of AI, O, -AI, O; //rO, composite laminates 
2.91 nun 
100 
IIIU 
eil 
,n 
SU 
-1 
() 
2(I 
20 
20 
10 
10 
i00 
(A) 
50 
20 
20 
il) 
iO 
100 
(13) AI, O; AI, O, - /rO, 
Figure 5.1. Schematic diagrams showing the cross-sectional 
configuration of two designed laminates. a) Laminate A, and h) 
Laminate B. 
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For each laminate, a base strip was printed with alumina ink. Then alternating strips 
of composite and alumina inks were deposited as shown by Figures 5.1a and b. 
Laminate A was printed in full dots mode and laminate B was printed in dots missing 
mode. Both laminates were printed without forced drying and with no time intervals 
between layers. During printing it was found that a polymer plug was forming at the 
nozzle tip. The polymer plug effectively seals the nozzle and stops the printer from 
depositing ink. Therefore it was necessary to clean the nozzle at a regular interval 
during printing. Cleaning was done by wiping the nozzle tip with a fine brush 
moistened with same solvent as the ink. The cleaning operation was done for every 
six to ten layers. 
5.2.5. Thermogravimetric analysis (TGA) 
In order to identify the temperature at which the binder evolves from the sample, 
TGA of the binder (Polyvinyl butyral) was carried out. It was pyrolysed in powder 
form. TGA of a green laminate component was also conducted. The aim was to study 
the decomposition characteristics of green components as compared to that of the 
binder. A laminate `A' component was crushed into a powder form and used for the 
test. Both TGA tests were conducted in air (0.42mis'tflow rate) at a heating rate of 
0.083Ks'l to 923K. 
5.2.6. Pyrolysis and sintering of components 
After printing, the ceramic laminates were dried at room temperature until they could 
be easily peeled off from the substrate. This took approximately one hundred and 
sixty hours. Then the parts were placed on a coarse alumina powder bed (LG 20, 
Alcan Chemicals Europe, Fife, Scotland) to minimise distortion of the structures 
during binder removal and densifzcation. Debinding and sintering were carried out in 
air, in an electric muffle furnace (Lenton Thermal Designs, Sheffield, UK). The 
heating program for both laminates was a heating rate of 0.016 Ks" to 823K for 
debinding followed by sintering at 0.067Ks'1 to 1973K with a 7.2ks hold time. 
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5.2.7. Scanning electron microscopy (SEM) examination 
All the samples for SEM examination were gold coated for four minutes. Green 
samples for fracture surface examination were coated with short bursts oi' 20 seconds 
duration each. This was done to prevent melting of the polymer. The samples for 
backscattered SEM examination were first ground with silicon carbide paper, 
polished with 6µm diamond suspension and were then gold coated. 
5.3. Results and discussion 
5.3.1. Dispersion of the powders 
The as-received alumina was a hard agglomerated powder. Figure 5.2a shows an 
agglomerate of the as-received alumina powder. At higher magnification, Figure 5.2h 
shows an alumina agglomerate which consists of a large number of smaller 
aggregates and primary particles. A higher magnification of Figure 5.2b, shown in 
Figure 5.2c, reveals that the alumina particles have an elliptical morphology. The 
zirconia was a soft agglomerated powder. The primary particles were of equiaxial 
shape and had a narrow distribution as shown in Figure 5.3. 
Figure 5.2a. An alumina agglomerate of about 1301im in 
the as-received powder. 
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1 OEtm 
Figure 5.2b. SEM of an alumina agglomerate showing smaller 
aggregates and primary particles of the powder. 
I pill 
Figure 5.2c. higher magnification of Figure 5.2h showing the primary' 
particles of the alumina powder. 
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Idun 
Figure 5.3. SEM of the as-received zirconia powder (HSY3) 
showing fine equiaxial primary particles. 
Manual dispersion (shaking) of the powders in isopropanol and IAka dispersant, 
without the use of mechanical milling or ultrasonication, has shown that the alumina 
powder was more difficult to disperse and that large lumps visible to the naked eve 
were found in the alumina suspension. No such lumps were observed in the zirconia 
powder. Figure 5.4 shows the particle/agglomerate size distribution before and after 
ball milling. The as-received alumina curve does not show the agglomerates 
observed in the SFM. The reason is that the large agglomerates sediment to the 
bottom of the container quite quickly that they can not he captured easily when 
transferring the test sample from the ink container to the particle sizer wet cell. The 
effectiveness of ball milling in reducing agglomerates to primary particles is clearly 
demonstrated. 100% ofthe particles were less than 3µm after hall milling. 
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Figure 5.4. Particle size distribution of as-received powders and ball milled 
inks (Al and AM). Size measurements were done before filtration of the 
inks. 
5.3.2. Binder removal 
The main role of a binder in wet ceramic powder processing is to hold the ceramic 
particles together so that the parts can be handled in the unfired form. However, 
provided that a sufficient amount (- 33 vol% based on the undiluted composition) of 
dispersant is added to the ink, it was found that the components can easily come off 
the substrate and are handled without any difficulty even though they contain no 
binder. High ceramic content of the dry, green part and less distortion and cracking 
of the part during binder removal and densification is one of the main benefits of 
fabricating non-binder containing green ceramic parts. 
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Figure 5.5. Thermogravimetric analysis of PVB binder and 
printed laminate A component crushed to powder form. 
Figure 5.5 shows thermogravimetric analysis (TGA) of the PVB binder and a 
component from laminate A. In air, the binder decomposition has two steps: one at 
570K and the other at - 820K. During decomposition at 570K, the volatile species 
are butyraldehyde and water leaving behind a residue which further oxidises at 820K 
[Ring, 1996, p. 744]. The TGA graph shows that PVB fully decomposes at around 
900K and leaves behind little carbonic residues. The decomposition of the binder in 
the green ceramic component shows the same characteristics as that of the binder 
alone. The decomposition steps are at -520K and 760K. However, the decomposition 
temperature at the steps is nearly 50degrees lower than that of the binder alone. Ring 
[1996, p. 743] states that alumina and zirconia oxides decrease the temperature 
necessary for thermal decomposition of PVB by 40 degrees compared to PVB alone. 
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5.3.3. Assessment of printed components 
Figure 5.6 shows an un-sintered coupon of laminate A and a green fracture surface of 
laminate B. Figure 5.7 shows sintered, cross-sectional SEM images (back scattered) 
of the laminates. Owning to the atomic weight contrast, the alumina strips are shown 
in dark or black colour and the composite ones as bright colour. 
From the back-scattered SEM images, the total thickness of laminate A is about 
600µm. As the total number of full dot layers overprinted to make it were 1120, the 
average layer thickness is 0.54µm. For laminate B, the total thickness is about 
544µm and the number of layers printed were 410. Therefore, the average layer 
thickness is 1.33µm. This difference in layer thickness between the two laminates is 
caused mainly by two factors: 
1) Higher powder content and absence of binder in the ink of laminate B: Assuming 
that the printing conditions are identical, the ceramic powder content in the ink 
determines the amount of powder contained in an ink droplet and the distance 
between particles after deposition. Higher powder content in the ink results in 
short particle- to-particle spacing. Therefore, when a subsequent layer is printed 
on top of the previous one, the particles would sit on top of each other instead of 
filling the spaces in the previous layer. The amount of binder in the ink also 
makes an effect on layer thickness. When an ink with a high binder content is 
printed, the binder takes a large volume in the green component. Subsequent 
binder removal causes distortion and dimensional shrinking of the component. 
2) Partial nozzle blockage: During a printing operation, the condition of the nozzles 
may change from fully open to partially open and then to fully closed. The nozzle 
may be fully open at the start of the printing operation and then it may suddenly 
or gradually close up. Partial or full nozzle blockage is caused by a polymer plug 
forming at the nozzle tip or by ceramic build up (or debris) in the nozzle and ink 
cavity. If the nozzle is fully closed, it can be detected by the naked eye. However 
when it is partially closed, it can not be detected with eye alone. To assess the 
blockage condition of a nozzle, a solvent was fed into the nozzle and a pressure is 
applied with a syringe to form a jet from the nozzle exit. The distance the jet 
travels gives an indication of how open the nozzle is. Also if the nozzle is 
partially blocked, the jet is formed at an angle to the nozzle aperture. Frequent 
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nozzle check up with a solvent is not possible during a printing operation. 
Therefore nozzle check up and cleaning was only done when full blockage 
happened. 
Counting the strips of Figure 5.7b from the bottom, the first and the second strips are 
both 100 layers each. However, the first is almost twice the size of the second. This 
is due to the fact that two different nozzles were used to print the strips. The nozzle 
used to print the first strip (magenta) was fully open. The cyan nozzle, which was 
used for printing the second strip, was not fully operational. This difference in nozzle 
conditions resulted in different deposition rates and hence different thickness of the 
strips. Due to blockage of the magenta nozzle, the rest of the strips, starting from 
strip number two, were printed with same nozzle (cyan) and it is clearly evident that 
no thickness variation exists. The average layer thickness for the 3td and 4th strips is 
1 µm. As the nozzle condition may or may not vary with time as discussed above, this 
layer thickness applies to a particular condition of the nozzle. This means that if the 
nozzle condition changes, the layer thickness would change as well. Figure 5.7a 
shows defects in the form of voids throughout the cross of laminate A. In contrast, 
laminate B is free from the defects shown by laminate A. These defects, caused by 
droplet bombardment and ink composition, are fully discussed in chapter 9. Figure 
5.7c shows a higher magnification of the image in Figure 5.7b. The micrograph 
depicts a very sharp interface between layers. The minimum strip thickness in this 
work was 13 µm by 10 layers and further reduction in layer thickness is possible. 
As depicted in Figure 5.7, the delamination and cracking reported in the literature are 
not shown in these laminates. This is due the fact that the alumina and the composite 
strips have nearly the same composition that thermal mismatch stresses have little 
effect. The fact that the strips bonded while the material was wet, instead of after 
drying, makes a significant effect as well. 
107 
Chapter 5. Fabrication of'AI, O, -AI, 03//. r0, composite laminates 
Imtn 
Figure 5.6a. Optical microscope image of un-sintered laminate A 
component showing top surface droplet relics. 
Figure S. bb. Fracture surface and top surface of the un-sintered 
laminate 13 component showing no droplet relics. 
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Figure 5.7a. A back scattered SEM image of laminate A component 
(sintered fracture surface). 
I(m 
Figure 5.7b. A back scattered SEM image of laminate It component 
(sintered fracture surface). 
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Figure 5.7e. Higher magnification of Figure 5.7h showing a very 
sharp interface between the alumina and the composite layers. 
5.4. Conclusions 
The capability of ink . 
jet printing to fabricate multi-layered laminates of alumina and 
alumina/zirconia composite have been demonstrated in this work. The attractive 
feature of ink. jet printed laminates is that the strips do not have a physical interface as 
bonded laminates do and hence delamination and cracking do not happen. 
The alumina powder (A16 SG) was a highly agglomerated powder. however it was 
effectively dispersable by ball milling. Ball milling was found to be an effective 
method to disperse agglomerated powders and produce good quality inks. It was 
shown in this work that hinder free inks can he printed. Provided that a sufficient 
amount of' dispersant is added to the ink, the surfactant acts as a hinder and parts 
without hinder can be handled with no difficulty. Components printed with inks of' 
no hinder content showed very sharp interface and were free of voids. 
With a minimum layer thickness of around 0.54µm, ceramic ink jet printing presents 
a significant potential in many engineering fields namely microelectronics, coating 
and thermal mismatch applications. 
110 
Chapter 6. Fabrication of lead titanate zirconate (PZT) components 
Chapter 6. Fabrication of lead titanate zirconate (PZT) 
components with intricate built-on structures and internal 
channel network 
6.1. Introduction 
Pb(ZrXTii. X)O3, PZT, is a solid solution between PbTiO3 and PbZrO3 and is generally 
prepared by reaction of the constituent oxides [Kakegawa et al. 2000]. This material has 
piezoelectric property and is capable of converting electrical voltage signals to 
mechanical stress/strain and vice versa. As a major piezoelectric ceramic, it has been 
widely used in spark ignition and in microelectronic devices such actuators or 
micropositioners [Galassi et al. 1997], transducers/sensors, piezoelectric transformers 
[Song et al. 2000] and buzzers [Wu et al. 1996]. Piezoelectric devices are normally 
composed of two phases: the functional material itself which is normally PZT and a 
conductive phase or an electrode [Pearce and Button, 1999]. The electrode arrangement 
is applied in an ink form after the initial firing stage. However for some devices such as 
multi-layer actuators, the conductive phase must be applied in the green ceramic state 
since many electrodes must be placed within the final compact [Pearce and Button, 
1999]. 
Tape casting is normally used to fabricate the ceramic in the form of thin ceramic sheets 
between Q. 1mm to 5mm [Wu et al. 1996] and the electrodes can be deposited by screen 
printing [Galassi et al. 1997]. The process of manufacturing, for example, a multi-layer 
ceramic capacitor using tape casting involves the following stages [Al-saffar et al. 1999]: 
" Tape casting of the ceramic layers; 
" Screen printing of internal electrodes; 
" Stacking of the tape-casted and screen printed layers; 
" Dicing into individual components; 
" Binder burn out and sintering; 
" Mechanical tumbling to round corners; 
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9 Electrical connection of electrodes; 
" Termination with external electrodes; 
Ink jet printing has tangible benefits compared to tape casting. The forming steps 
described above could be simplified by ink jet printing of PZT laminates and electrodes 
in a single operation as demonstrated in ink jet printing of multi-layer alumina/zirconia 
laminates (see Chapter 5). Also, there would be no need for the stacking and mechanical 
tumbling operations since layering operation is already integrated in the printing process 
and the method is capable of making net dimensions. These reduced forming steps 
mean decreased processing cost and material wastage. 
This chapter demonstrates ink jet printing of miniature built-on PZT structures, the 
fabrication of vertical channels of varying size and the creation of three-dimensional 
channel network. 
6.2. Experimental procedures 
6.2.1. Materials and ink preparation 
The PZT powder was kindly donated by Dr A. R. Batti at DERA, Farnborough, UK. It 
was a soft-agglomerated powder. Figure 6.1 shows the scanning electron microscopy 
(SEM) of the as-received powder. The solvent, dispersant and the binder used for 
making the PZT inks were isopropanol, Elka 401 and polyvinyl butyral respectively. The 
composition of the inks used in this chapter is given in Table 6.1. The inks were made by 
wet ball milling as described in Chapter 3. 
6.2.2. Characterization of the inks 
Viscosity and surface tension of the inks were measured as described in Chapter 3 and 
the results are given in Table 6.1. The effectiveness of powder dispersion by ultrasonic 
dispersion and ball milling was assessed by SEM examination and particle size analysis 
using a Malvern Particle Sizer (Model 3600Ec, Malvern, Worcestershire, UK). For the 
SEM examination, ink number one of table 6.1 was diluted before a thin film was 
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deposited on a polished aluminum stub. To dilute the ink, two drops of ink were added 
in 50ml of solvent using a pipette. The ultrasonicated ink, which had the same 
composition as ink number one, for the laser particle size analysis as prepared as 
follows: solvent, powder and dispersant were mixed and sonicated using a Branson 
Sonitier 250 probe (Branson Ultrasonics, USA) for ten minutes. '[hen the hinder was 
added and sonicated for another ten minutes (in pulsed mode) at an output power of 
100W. Both the ultrasonicated and the ball-milled inks were analyzed Hollowing the 
procedures described in Chapter 3. 
? µm 
Figure 6.1. SEM of the as-received PZT powder sprinkled on a stuh 
through a 125µm metal sieve. 
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Table 6.1. Composition (vol%) of the PZT inks used in this work. The undiluted 
composition of the inks is shown in brackets. 
Materials Inks 
1 2 3 4 5 
PZT Powder 2.00 (57.04) 2.00 (60.68) 2.00 (50.00) -- 
Carbon powder -- -- 2.00 (50.00) 1.23 (32.54) 
Dispersant 1.05 (30.00) 0.85 (25.55) 0.50 (12.50) 0.50 (12.50) 2.55 (67.46) 
Binder 0.45 (12.95) 0.45 (13.77) 1.50 (37.50) 1.50 (37.50) 
Solvent 96.50 97 96.00 96.00 96.00 
Viscosity 
(mPa. s) 
3.37 ± 0.9 -- 4.37 ± 0.9 -- 4.50+0.9 
Surface Tension 
(mNm'1) 
21.32 ± 0.9 -- -- -- 22 ± 0.9 
$ [Mott, 2000]. For this ink, the dispersant and binder were given as total polymer. 
6.2.3. Component design 
a) In order to test the ability of inkjet printing to fabricate PZT structures of intricate 
shapes and pave the way for the building of ordered channel network, four different 
components were designed dot by dot. This was done in a bitmap format with 
PaintBrushTM. The designs of the structures are expressed as number of dots and the 
actual dimensions on the plane of the substrate can be calculated using the 
resolution of the printer (262 dpi). Figure 6.2 shows the schematic designs used to 
print the components. The design images are described as follows: 
a) A rectangular coupon of 100 dots long and 30 dots wide. 
b) Circular pillars of different diameters were built on a rectangular supporting base of 
130 dots long and 40 wide. The diameter of pillars was from one dot to 16 dots. The 
space between each consecutive pair of pillars was two dots both horizontally and 
vertically. 
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c) A rectangular support base of 130 dots long and 40 dots wide with a series of 
vertical walls of increasing thickness built on it. These walls were designed to test 
the ability of inkjet to build vertical walls, a typical measure in solid free forming 
(SFF). Fourteen walls of increasing thickness from one dot to six dots were drawn 
from left to right where each wall is one dot wider than its predecessor. There is six- 
dots spacing between each two consecutive walls. 
d) Vertical holes were designed to create vertical channel of increasing sizes. The 
design consists of four sets of square holes ranging from three-by-three to six-by-six 
square dots. The distance between each set of holes decreased from left to right as 
the size of the channels increased. 
10mm (100 dots) 
3mm (30 dots) 
a) A plain coupon 
13mm(130 dots) dots 
:::::::: +++++fffffffýffff f 
+++++ffffffffffff f 
; U....;; +++++ffffff 4 40d *** +++++fftfff mm( ots) 
+++++fffftfýýFffýý 
........ +++++fffttfffffff ý 
+++++ffftff+iý*+Fffý 
b) Pillars design (base slice not shown). From left to right: 136 
pillars of one dot each, 40 pillars of five dots each, 48 of eight 
dots, 35 of 12 dots and 14 of 16 dots. 
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13mm (130 dots) 
4mm (40 dots) 
c) Walls design (base slice not shown): 4 one-dot lines, 
3 two-dot lines, 2 three-dot lines, 2 four-dot lines, 2 
five-dot lines and 2 six-dot lines. 
13mm (130 dots) 
4mm (40 dots) 
d) Holes of different sizes: from left to right: 9 holes 
of 3x3 dots, 9 holes of 4x4 dots, 9 holes of 5x5 dots 
and 3 holes of 6x6 dots. 
Figure 6.2. Schematic 2D designs of (a) plain PZT coupon, (b-c) built on PZT 
structures and (d) vertical channels. Only the dark areas were printed on. 
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x 
a) Slice 1: PZT layers /-channel y 
overprinted 
X-channel tilled with carbon ink 
and carbon layers 
Y-channel tilled 
with carbon ink 
-o __. __ ýý_. T... ý ..... _.... ___.. _ 
, ýý; 
c) Slice 4: PZT layers 
/-channel 
overprinted 
Figure 6.3: 31) schematic design of the x-y-z channel network. This 
figure shows five z-channels of 7x7 dots each, five y-channels of 7 
dots wide each anti one x-channel of 7 (lots wide. 
Alter printing oi' the built-on structures was finished, a 3D component with 
interconnecting channels were designed to test the ability ol'inkjet to create ordered three 
dimensional interconnecting network. Figure 6.3 shows a schematic 31) drawing of a 
component with channel network. Two different sized components with x-y-z channels 
were printed. These components were built by depositing several slices of' 21) patterns 
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using a PZT ink and a fugitive (carbon) ink. Figure 6.3 gives an idea of the how the 
components were designed and printed. It does not give details of either of the 
components, i. e. how many z-channels, y-channels or x-channels. 
6.2.4. Printing procedures 
A substrate (an overhead transparency) was adhered to the paper conveyer with double- 
sided tape. The Z distance (that between the nozzle and the surface of the substrate) was 
adjusted to 3mm, to accommodate the increase in thickness of the component to be built, 
so as to avoid Z position adjustment of the printer head during the printing operation. 
a) Plain coupon: Ink one was used to print this coupon. This was designed to test the 
suitability (printability) of the PZT powder in inkjet printing. Eight hundred layers 
were printed in "dot missing mode" or "chess board mode" and forced drying (hot air 
blower) was used to dry ink between layers. 
b) Pillars and Walls: Ink one was used to print the pillars and ink two for the walls. A 
flat base of 300 layers was first deposited and then the wall and pillar structures were 
built on the base until a free-standing structure of sufficient thickness was achieved. 
The number of layers printed to create the pillars were 700 and 550 layers were 
printed for the walls. Printing was conducted in dots missing mode and forced drying 
(hot air blower) was used during printing. 
c) Z-channels: Ink three was used to print this component. Printing was conducted in 
dots missing mode and without forced drying. No carbon ink was used to print this 
component. The white squares, as shown in Figure 6.2d, were not printed on, 860 
full layers (1720 in dots missing mode) were printed to fabricate this component. 
d) X-y-z channel network: Inks three and four were used to print the x-y-z channels. 
Printing was conducted in full dots mode and with no forced drying. 1640 layers 
were printed in total. As shown in Figure 6.3, printing was done in slices. A slice 
consists of a number of 2D layers which make up a 3D structure, 600 layers of slice I 
(Figure 6.3a) were printed first. Then 220 layers of the PZT part of Figure 6.3b were 
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printed followed by 220 layers of the carbon part of Figure 6.3b. Then 600 layers of 
slice 4 were printed. The z-channels were not printed on thus no carbon ink was used 
to create them. Two different nozzles were used during printing of this component. 
One nozzle was used for the PZT ink and the other for the carbon ink. 
After printing, the green components were allowed to dry at room temperature for 
604.8ks before carefully peeling off from the substrate. 
6.2.5. Debinding and sintering 
Pyrolytical removal of binder and sintering was carried in an electric muffle furnace 
(Lenton Thermal Designs, Sheffield, UK) in air. Binder and carbon removal, and 
sintering were carried out in two consecutive cycles without disturbing or moving the 
sample. The sample was placed on an alumina powder bed in a lidded alumina crucible 
and PZT powder was sprinkled around the sample to suppress lead loss. The heat 
treatment program was a heating rate of 0.0166Ks'1 to 973K and 3.6ks hold for binder 
and carbon removal and then heating at 0.083Ks'1 to 1573K and 10.8ks hold for 
sintering. 
6.3. Results and discussion 
6.3.1. Dispersion of the PZT powder 
Undispersed agglomerates are detrimental to ink jet printing. Agglomerates are a major 
cause of nozzle blockage and interrupt the printing process. They also sediment more 
rapidly than finely dispersed particle and lead to powder reduction in the ink. Further 
more, agglomerates can give rise to strength-limiting defects due to non-uniform 
sintering. Although ink filtering can effectively remove agglomerates over a certain size, 
it reduces the powder content of the ink and thus decreases the disposition rate. 
Therefore it is very important to ensure sufficient break-up of agglomerates and to 
disperse powders to primary particle level. 
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100 
80 
glw 60- 
40- 
20- 
04 
1 
-+- Ink I, freshly tested (ultrasonicated) 
-f-ý Ink 2, freshly tested (ball milled) 
Ink 3, stored and agitated (ball milled) 
10 
Particle size/µm 
Figure 6.4a. Particle size chart of ultrasonicated ink and ball milled inks. 
100 
The primary particles of the PZT powder, as shown in Figure 6.1, were near-spherical 
with a particle size of around 2µm. However, the size of agglomerates are well above 
that of the primary particles and need to be dispersed during ink preparation. The 
effectiveness of powder dispersion by ultrasonication and ball milling is compared in 
Figure 6.4a. For the ultrasonically probed ink, 50% of the particles were above 4µm with 
a maximum size of about 10µm indicating that most of the particles were still in an 
agglomerated state. In contrast, the maximum size of agglomerate fragments was 
reduced to 4µm by ball milling and over 80 % of the particles were below 2 µm. Thus 
the ball milling had dispersed the agglomerates effectively to primary particles. The 
lower detection limit for the Malvern Particle Sizer used was 1.2µm therefore particles 
below this size are not shown in Figure 6.4a. In addition, SEM of the ball milled ink, 
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Figure 6.4b, revealed considerable line particles not found in the original powder. This 
seems to suggest that the impact of the milling medium has caused size reduction of 
some of the primary particles. This is supported by the change in the morphology of the 
particles from smooth spherical particles to irregular shape. Figure 6.4a also compares 
particle size distribution of an ink tested as soon as milling was completed and one 
stored for three months after milling. During the storage time, the ink was kept agitated, 
without using the milling balls, on a roller tumbler to prevent sedimentation. No change 
in particle size distribution between the inks was observed. This suggests that dispersed 
particles were stabilized by the dispersant and the inks have a long shelf life provided 
that they are agitated to prevent sedimentation. 
Figure 6. -lb. SEM of ball milled ink (ink one) showing the 
morphology of particles after hall milling. 
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6.3.2. The assessment of powder content 
Losses of the powder content of the ink are normally experienced with inkjet printing. 
These losses arise from filtration of the ink and sedimentation during printing. However, 
because of the good dispersion achieved by wet ball milling, powder losses due to 
filtration of the inks through aI Oµm aperture filter was hardly noticeable. Sedimentation 
of PZT powders was a major factor affecting the true powder loading of the deposited 
components. This arose from the high density of PZT, 7800kgm 3, compared with other 
powders used in ink jet printing (e. g. 3987kgm 3 for alumina, 5600kgm 3 for barium 
titania and 5954kgm 3 for zirconia). 
The actual powder loading in dried green bodies (crushed to powder) were assessed 
using a TGA (Model TGS-2, Perkin Elmer, USA). The crushed green components were 
ashed, in air, with a heating rate of 0.083Ks" to 923K. Table 6.2 shows the comparison 
between the designed and the actual powder loading. 
Table 6.2. Designed powder loading (refer to Table 6.1) and the actual powder 
loading (vol%) in the green body. 
Inks Designed Actual Powder loss (%) 
Ink 2 60.68±0.5 58.25 ± 0.5 4.00 ± 0.03 
Ink 3 50.00 ± 0.5 46.000.5 8.00±0.03 
Although powder loss by sedimentation occurs in the ink pipelines and printer head 
reservoir, the main sedimentation happens in the ink cartridge. This is because the 
amount of ink in the printer head reservoir (cavity) is very small (0.4 to 0.9m1) compared 
to the ink cartridge (10-15m1). Also the lateral movement of the print head during 
printing helps to agitate the ink in the reservoir and prevent sedimentation. 
As shown in Table 6.2, the component printed with ink 2 produced higher powder 
content than that printed with ink 3. A number of factors can affect the powder content 
of a component after ink jet printing. These include stability of the ink, ink composition, 
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printing time, and frequency of ink changing (how many times the ink was changed 
during printing). Less stable inks cause more frequent nozzle blockage and hence need 
more frequent ink changing to prevent ink sedimentation. It is believed that this was the 
case for the component printed with ink 2. 
6.3.3. Assessment of printed components 
a) Plain coupon: Figure 6.5a shows top view of this component. The image shows good 
definition of edges, even thickness and flat top surface. 
b) Walls: The separation between the walls is clearly visible. Each wall shows a uniform 
thickness throughout. The walls were not properly printed on the base slice and look a 
little bit tilted upwards when viewed from the bottom. This was caused by a computer 
failure. When the computer fails after printing a number of layers, it has to be shut down 
and switched on again. When the computer is switched on, the printer moves the 
substrate down by few lines and thus shifts the printing position. The printing position 
has to be adjusted manually and quite often the manual repositioning of the printing 
position may not be accurate. This results in deformation of the component being printed 
and affects its shape. The ascending size of the walls shown in the design image (Figure 
6.2c) is matched in the printed component. This gives an indication of the reliability and 
accuracy of inkjet printing as a solid freeforming process. In ceramic ink-jet printing, the 
height of the structure depends on its size. However, the one-dot walls were built nearly 
to the same height as the multi-dot walls. This is because the walls were printed 
vertically rather than horizontally and because of gravitational force, the droplets spread 
into each other vertically much more than they do in the horizontal direction. Therefore 
accumulation of droplets cause the structure to grow nearly at the same rate as multi-dot 
walls. Figure 6. Sb shows the un-sintered "walls" component. 
c) Pillars: Building pillars is expected to have lower deposition (growth in height) rate 
than walls because pillars are isolated structures and droplet accumulation in the vertical 
direction is absent. Since only one dot is deposited for each layer of the component 
printed, the one-dot pillars did not rise from the base due to slow growth rate. Figure 
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6.5c shows the pillar structure. The height of the multi-dot pillars increases with the 
pillar size. 
5mm 
Figure 6.5 (a-d). Top view, of the printed green bodies: 
a). A rectangular bar; 
b). Walls on a flat base; 
c). Pillars on a flat base; 
d) Z-channels (holes). 
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d) Z-channels: Carbon ink was not used to create the holes. They were simply left un- 
printed. All the channels are open without the use of a 1ügitive ink and the ascending 
size of the channels on the design image is also matched on the printed component. I)ue 
to ink spreading on the substrate, the holes are almost closed up at the base. It is 
important to realize the difference between printing ceramic ink on a smooth substrate 
such as acetate and printing on ceramic layers composed of particulates and binder. The 
latter case restricts ink spreading and prevents close up of the holes. Figure 6.5d shows 
the z-channels. The cross-section of the channels, shown in Figure 6.6a, depicts nearly 
vertical walls of the holes. 
e) X-Y-Z channel network: The vertical holes (z-channels) are clearly visible. Sample 
'P', Figure 6.5, shows deformed shape of the holes which were supposed to be of a 
square shape. The deformation was caused by computer failure as described earlier in the 
"walls" section. The printing position was shifted in the y-direction and this resulted in a 
slight shift of the position of the hole and also deformation of the shape ofthe hole. 
Girr» 
Figure 6.5 (c-f). 'Top view of two printed green bodies with 
31)-channel network. 
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1mm 
Figure 6.6a. SEM of a fracture surface of the component with 
z-channels showing the quality of the square vertical holes. 
4OO tni 
Figure 6.6h. Optical microscope of a transversal fracture surface 
of a green component showing the x-channel with carbon in place. 
The white area is PZT and the dark middle part is carbon. 
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Figures 6.6b and c show the transversal (x-channel) and longitudinal (y-channels) 
fracture surfaces of the green component shown in Figure 6.5e. 'I'he carbon was not 
removed at this stage. Figure 6.6d shows sintered transversal (x-channel) fracture surltce 
of the component shown in Figure 6.5e. The sample was first fractured in the green torm 
and then sintered. This was done because sintered PT! ' was found to he very brittle and 
could not be fractured in a controlled manner. Samples disintegrated into small pieces 
when tried to fracture them after sintering. The cracks shown on the fracture surface of 
Figure 6.6d were caused by a cantilever effect and are not defects. Since the structure 
was not supported during carbon removal, a reduction in the size of the x-channels 
resulted. The z-channels are visible on the top surface of Figure 6.6d. 
400µm 
Figure 6.6c. Optical microscope showing y-channels on a 
longitudinal fracture surface of a green component before carbon 
removal. 
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Figure 6.6d. SEM of sintered, transversal, fracture surface (the same 
as that in Figure 6.6b) showing the x-channel after removal of carbon. 
6.4. Conclusions 
It has been shown in this work that Lead Zirconate T itanate powder (PZ'I') can be türmed 
into a stable suspension liar ink jet printing. The P/. 'I' was a soft-agglomerated powder 
but could be well dispersed by ball milling. In comparison, the ultrasonic treatment was 
not effective in breaking agglomerates. By carefully tailoring the properties of the ink 
and ink drying conditions, complex ceramic structures were successfully lähricated. 
These included interconnecting channel network which has not be done before as 14.1 1, as 
the literature available to us has shown. 
Although PZT is a high density powder, ashing tests of the printed components showed 
that powder loss due to sedimentation was small. '['his gives an indication that the inks 
were stable. Examination of the printed components showed that the growth rate in 
height of structures depends On the size and orientation (horizontal or vertical) of the 
structure. Bigger structures and vertical orientation were löund to he favorable. Since 
this printer builds structures at right angle to gravitational lörce, these characteristics 
may be a special feature of this printer. 
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Chapter 7. Fabrication of multi-layer BaTiO3 ceramic 
capacitor 
7.1. Introduction 
A capacitor is a passive (not capable of controlling voltages, current or creating a 
switching action) electronic component that stores energy in the form of an electrostatic 
field. In its simplest form, a capacitor consists of two conducting plates separated by an 
insulating material called the dielectric. The capacitance is directly proportional to the 
surface areas of the plates and is inversely proportional to the separation between plates. 
Capacitance also depends on the dielectric constant (relative permeability) of the 
material separating the plates. 
A multilayer ceramic capacitor (MLCC) consists of alternating layers of dielectric 
material and electrodes. The capacitance per unit volume of a multilayer ceramic 
capacitor, C,, can be derived as [Chu et al. 1999]: 
C =KEod 
(7.1) 
Where K is the dielectric constant of the ceramic, co is the permittivity of free space (a 
constant), A is the area of the conductive plates (layers) and d is the distance between 
plates. In a given MLCC design with a fixed volume, C,, can be increased by [Chu et al. 
1999]: 
1. Using a ceramic with higher K. 
2. Making thinner ceramic layers, d, and putting more conductive layers in the 
component. 
As the mounting density of electronic components on printed circuit boards increases, 
miniaturization of components is necessary but without sacrificing performance. For 
MLCC, attempts have been made to reduce the dielectric layer thickness and increase 
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the number of conductive layers to achieve a higher volumetric efficiency (capacitance 
per unit volume) [Chu et al. 1999; Sakabe, 1999; Maher et al. 1999]. Also due to the 
high cost of noble metals, the use of base electrodes (Copper and Nickel) has been 
explored. Tablet compares the physical properties and prices of base and noble metals. 
Table 7.1. Physical properties and price of electrode metal powder for 
MLCs [Sakabe, 1991]. 
Material Melting point 
Tm/K 
Resistivity 
µ0-cm 
Price 
US$/kg 
Ag 1234 1.49 180 
70%Ag/30%Pd 1493 15.0 1900 
Pd 1827 9.77 8900 
Ni 1728 6.14 190 
Cu 1356 1.55 170 
Ceramic multilayer devices like capacitors, actuators and gas sensors are manufactured 
on a large scale by conventional tape casting technology and subsequent multilayer 
processing [Roosen et al. 1999]. These multilayer devices are built up through punching, 
metallization, stacking, and lamination followed by binder burnout and sintering 
[Roosen et al. 1999]. For many of these devices, thin (< 100µm) films of ceramic are 
required and tape casting of powder suspensions in non-aqueous media has traditionally 
been used as the forming method [Blanco-Lopez et al. 1997]. Due to its high dielectric 
constant value, -15000 as compared to 5-10 for common ceramic and polymeric 
materials, BaTi03 is mostly used for the fabrication of the dielectric layers [Safari, et al. 
20011. The main constituent of the electrodes is either silver or gold, however as high 
temperature co-sintering with BaTi03 is needed additives of palladium and/or platinum 
are used. BaTiO3 is conventionally produced by the solid-state reaction of BaCO3 and 
Ti02 powders at temperatures above 1173K [Maclaren and Ponton, 2000], This method, 
however, leads to the production of large BaTiO3 particles with uncontrolled and 
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irregular morphologies. Since the electrical properties of the final BaTiO3 devices 
depend on the microstructural characteristics, this can limit the electrical properties of 
the resulting sintered ceramics [Maclaren and Ponton, 2000; Gomez-Yar ez et al. 2000]. 
It has been observed that the dielectric constant increases when either the average grain 
size decreases or the density increases [Gomez-Yarez et al. 2000]. Sakabe [1999] has 
reported the fabrication of a large capacitance MLC with 350 dielectric layers of 3µm 
thick using hydrothermal synthesised sub-micron particle size powder. 
The aim of this study was to investigate the feasibility of fabricating a multi-layered 
ceramic capacitor via direct ink jet printing. Barium titanate and carbon inks were used 
to form a free standing "multi-storey" car park structure. A low melting temperature 
base metal or alloy electrode may be infiltrated in the structure after pyrolysis and 
sintering. The main advantage of this approach is that the co-sintering step can be 
eliminated and hence cheap and low melting temperature metals can be used as the 
electrode material. Because of time constraint and the scope of the project, no attempt 
was made to build a complete multi-layered capacitor. Rather the work was focused on 
the feasibility to build one storey of the "multi-storey" car park structure. Also no 
metallization or electroding work was carried out. 
To explore the dispersability and printability of the BaTiO3 powder, a preliminary 
printing test of solid rectangular components was first carried out with 50vol% (based on 
the undiluted composition) polymer ink. Then another ink of lower polymer content was 
used to print the capacitor. This was done in order to increase the component building 
rate and reduce shrinkage and deformation from pyrolysis. 
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7.2. Experimental details 
7.2.1. Materials and ink preparation 
The materials used in the inks formulation are shown in Table 7.2. Scanning electron 
microscope (SEM) examination of the as-received powder was carried out in order to 
assess the particle size and shape of the powder. The test specimen was prepared as 
follows. Fifty millilitre of solvent and 0.5g of dispersant were mixed using a magnetic 
stirrer and gentle heat (323K). Then 1g of powder was added to the solution and shaken 
manually for three minutes. Using a pipette, the dilute suspension was then deposited on 
a SEM stub. 
Table 7.2. Materials used in the formulation of the inks. 
Material/grade Density 
(kg"m 3) 
Supplier 
BaTiO3 Powder, Tamtron X7R262L 5600 TAM Ceramics, UK 
Carbon Powder, Mogul L 1900 Cabot Carbon, UK 
Polymeric dispersant, Efka 401 950 Efka chemicals, Holland 
Polymeric dispersant, Efka 453 950 Efka chemicals, Holland 
Poly(vinyl butyral) binder, BN 18 1100 Wacker Chemicals, Germany 
Isopropanol, propan-2-ol 786 Merck Ltd., UK. 
The composition of the inks is shown in Table 7.3. The inks were prepared as described 
in Chapter 3. Efka 453 was used to disperse the carbon powder and Efka 401 for the 
barium titanate powder. 
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Table 7.3. Composition of inks (vol%) 
Material Inks 
1 2 3 3A 
BaTiO3 powder 5 (50) 2.50 (50) 3.00 (66.67) - 
Carbon powder - - - 3.00 (66.67) 
Dispersant 0.08 (0.8) 0.04 (0.8) 1.20 (26.66) 0.50 (11.11) 
Binder 4.92 (49.2) 2.46 (49.2) 0.30 (6.67) 1.00 (22.22) 
Solvent 90.00 95.00 95.50 95.50 
Viscosity (mPa. s) 7.41 t 0.9 2.70+0.9 3.34 ± 0.9 - 
t The values outside the brackets represent composition of dilute ink. 
$ The values within the brackets represent composition before dilution. 
7.2.2. Characterisation of inks 
The viscosities of the barium titanate inks 1,2, and 3 are shown in Table 7.3 and particle 
size distribution measurements of inks 1 and 2 were conducted. The experimental details 
of ink characterization are as presented in Chapter 3. The inks were filtered with a ten- 
micrometer aperture polymer filter before printing. 
7.2.3. Component design and printing procedure 
Ink 2 was printed with the solid coupons, and inks 3 and 3A were printed with the 
capacitor. Two printing runs were conducted: one for printing the solid coupons and the 
other for printing the capacitor. Five components were printed in one batch for each 
printing run. The substrate used was a photocopy transparency. A schematic 3D design 
of the capacitor is shown in Figure 7.1. This schematic diagram does not give exact 
details of the printed capacitor but gives a general idea of the capacitor structure. The 2D 
images shown in Figure 7.2, which were used for printing the capacitor, give details of 
the printed capacitor. For the solid coupons, printing was done in dots missing mode and 
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with no forced drying. The number of full layers printed was 685. For the capacitor, the 
first slice was printed in dots missing mode and the rest of the slices were printed in Full 
dots mode and no forced drying was used. The printed number of layers per slice for the 
capacitor were: 125 layers for slice one, 1200 for slice two, 200 for slice three and 400 
for slice four. The pillars and windows shown in slices two (Figure 7.2h) and three 
(Figure 7.2c) respectively are both 5x5 dots square. For each slice only the dark area of 
the image was printed. 
9 
h 
Slice 4 
Slice 2 and 3 
Slice I (base) 
Figure 7.1.31) schematic diagram of a two-storey car park t ithout the 
carbon support structure. Slice 2 consists of the pillars and the wall marked 
with "t". Slice 3 is a carbon support which fills the space, between the pillars, 
pointed to by arrow "h". After carbon removal, this space is to he infiltrated 
in with the positive electrode and the space where the arrow "g" points to 
will he tilled in by the negative electrode. 
7.2.4. Rebinding and Sintering 
Dehinding and sintering of the printed components was carried in air in an electric 
muffle furnace. A line stabilised zirconia powder bed was used tu support the 
components during binder removal and sintering. A course alumina powder (I. (i 20, 
Alcan Chemicals Furope, Fife, Scotland) was first used but it reacted Noh the 
Component and formed a blue colour as a result o the reaction. Dehinding was carried 
out by heating at 0.0167Ks-1 to 973K and dwelled at this temperature liar 3.6Ks. 
Sintering was done by heating at 0.0667Ks"I to 1413K with dwell time of I O. Rks. 
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9.69mm 
-1.42mm 
(A) 
a a Z Z a i 
m Z Z Z 
n Z Z Z Z 
(h) 
(c) 
Figure 7.2. Schematic drawing of the 21) slices used to build one storey of the 
multi-storey car park structure. (a) Slices I and 4: The base slices (BBa'1'iO3) or 
the floor of the car park on which the pillars are built on. (b) Slice 2: The 
pillars (BaTiO3) built on slice 1. The size of each pillar is 5x5dots and the 
vertical bar on the left is 3 dots wide. (c) Slice 3: The carbon support structure. 
The size of each hole is 5x5dots. For each slice only the dark area was printed. 
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7.3. Results and discussion 
7.3.1. Powder dispersion 
SEM of the as-received powder, Figure 7.3, shows the morphology and size variation of' 
the particles. They range from sub-micron to a maximum of' about 3µm. The particle 
size distribution of-the inks after ball milling, Figure 7.4, shows that 99% ofthe particles 
are below 3µm. Results from other powders, in previous chapters, have shown that ball 
milling is effective in reducing powder agglomerates to primary particle size. As the 
maximum particle size of the ball-milled inks is nearly the sane as that of the as- 
received powder, it follows that the BaTiO, powder was not agglomerated and that the 
inks were free from flocculation. The particle size distribution measurement of the 
carbon ink was carried out but no trace was made on the particle size chart. "l'his means 
that all the carbon particles were below 1.2µm-the lower detection limit of' the particle 
sizer used. 
I Eiºn 
Figure 7.3. SEM of the as-received 13aTi0 3 powder showing a range of 
particle sizes from sub-micron to about 3pm. 
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Figure 7.4. The particle size distribution of the hall milled Ba'l'iO.; inks 
Printing trials conducted with ink I has shown that this ink was not printable clue to its 
high viscosity (7.41 mPas). Normally if ink is printable, the nozzle forms a jet when a 
pressure is applied to the nozzle with a syringe. For this ink, the nozzle was unable to 
I rm a jet. The ink was then diluted to hall (5vol% solid) by adding solvent. The 
resulting ink had a viscosity of 2.703mPas and was printed to form the solid coupons. 
7.3.2. Assessment of printed components 
Figure 7.5 shows the top surfüce of' a green component printed with ink 2. The ink 
printed with this sample had a relatively high hinder content and this caused a slow 
drying rate of the ink between layers. As a result the droplet relics or craters from 
droplet bombardment, discussed in Chapter 9, have closed up. Figure 7.6 shows a 
longitudinal fracture surface, through a series of pillars, of a component printed with 
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inks 3 and 3A. The removal of the carbon ink before sintering has created the space 
between the two floors and the pillars have provided effective support fir the base oFthe 
second floor (slice 4). 
3nim 
Figure 7.5. A green component printed with ink I showing 
no top surface droplet relics. 
Figure 7.6 also reveals two deficiencies which are as fioIlows: 
I. Space between the tip of the pillars and the top surface slice (slice 4). 
?. [ )nwCn top suiThicc of slice 4. 
(. The pillars lime not joined properly with slice 4 and gaps between the tip of the 
pillars and the bottom surface of slice 4 can he clearly identified. The gaps were 
created by the deposition of carbon ink which was later removed by firing. This 
deficiency was caused by computer failure and ink spray as described below. 
a) A number of computer läilures were experienced during printing of the pillars and 
the carbon slice. The computer lost communication with the printer several times and 
each time it had to he switched off. When the computer was switched hack on in 
order to continue printing, the printer automatically inserted lew lines and thereForc 
shifted the printing position of the entire layer. Although attempts were made to 
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correct the printing position by moving the substrate up or down manually, the 
adjustment may have not been accurate enough. This caused distortion and 
dimensional increase of the pillars, and also deposition of carbon on the tip of the 
pillars, areas that should been left un-printed. 
h) The printing position was shifted horizontally to the left by a few dots when printing 
of the carbon slice was started. The 2D image used to build the carbon slice was 
inadvertently designed under a Microsoft Windows software different from that used 
to design the other slices and it is believed that the horizontal shift of the carbon slice 
was caused by the use of different MS Windows. Arrows "A" and "B" of Figure 7.6 
show the gaps which were created by horizontal shift of the carbon slice. 
c) The nozzles were found to he partially blocked quite a number of times during 
printing of the carbon ink. This caused spraying of carbon ink on the pillars and thus 
may have contributed to the formation of the space shown by the arrow "C". Nozzle 
condition was checked by placing a transparent test strip between the nozzle and the 
substrate. If the nozzle is partially blocked, ink spray on the transparency is shown. 
Figure 7.6. SEM of a longitudinal fracture surface of the sintered 
capacitor structure showing the pillars and space created by the 
removal of carbon. 
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2. The second deficiency, uneven top surface of slice 4, resulted from two causes: 
a) The deposition registration error of the carbon ink described in 1(b) above gave rise 
to successive carbon deposition at point "A" and insufficient deposition at point "B" 
as shown in Figure 7.6. This caused increased height of the pillars at point "A" and 
less carbon at point "B" to support slice 4. 
b) The lower side of slice 4, point "D" in Figure 7.6, should have been nearly the same 
level as the tip of the pillars. The pillars were built by printing 1200 full layers of 
BaTiO3 ink and, assuming the same nozzle condition, the number of carbon layers 
should have been approximately close to those of the pillars. However only 200 
layers were printed for the carbon slice and two reasons were behind this decision: 
i) As discussed in (1) above, computer failure and ink spraying caused printing of 
carbon on the pillars. Therefore continuing the printing of the carbon slice would 
have increased the gap between the tip of the pillars and the bottom surface of slice 4 
and would have resulted in the detachment of slice 4 from the rest of the capacitor 
structure. 
ii) The growth rate of structures depends on component size or area of deposition. 
Referring to Figure 7.2, the area printed for the individual pillars is much smaller 
than that printed for the carbon slice. Therefore printing the same number of layers 
for the carbon slice as for the pillars would have caused complete coverage of the 
pillars. Judged from the difference in height between the tip of the pillars and point 
"D" of Figure 7.6, additional 200 layers or so of carbon ink would have been 
sufficient to build the carbon slice nearly the same height as the pillars. Assessment 
of the growth rate of structures of different sizes needs a systematic experimental 
study and was not therefore possible during this work because of the time available. 
Figure 7.7 shows sintered fracture surface of the capacitor at higher magnification. 
The particles are closely packed and the microstructure is largely free from porosity. 
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Figure 7.7. SEM of higher magnification of the fracture 
surface shown in Figure 7.6. 
7.4. Conclusions 
With the right ink tormulation and preparation, it was shown that barium titanate powder 
can be dispersed in a solvent and ink jet printable inks formed from it. 
It was shown that barium titanate and fugitive carbon inks, in principle, can be used to 
fabricate a capacitor with a multi-storey car park structure via ink jet printing. 
Macro-structural deficiencies were found in the sintered capacitor structure and their 
sources were discussed. The causes of these deficiencies can be addressed. Computer 
Iäilure can avoided by selecting a better quality system and growth rate differences of 
structures of different sizes can be minimised by conducting a systematic experimental 
study. 
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Chapter 8. Inkjet printing of gold conductive tracks 
8.1. Introduction 
In the electronics industry, metallization of substrates is an important process for 
producing electronic packages. An electronic package contains many components such 
as transistors, resistors, diodes, capacitors and other components. These components are 
interconnected by conductive tracks, supplied with electric power and housed in a 
package. The conductive tracks perform the crucial task of transporting current to the 
various components. 
The dimensions of the conductor lines and dielectric layers in electronic packaging can 
be classified as thick and thin film packing [Tummala et al. 1997b]. Materials and 
processes for the thin-film technology are distinctly different from those used in thick 
film packaging. In thin-film packaging, the materials utilized for the fabrication of the 
insulating layers have granularity generally smaller than 1 µm and include photoresist 
materials, polymer films and amorphous inorganic structures formed from sputtered 
materials. In thick-film, dielectric structures are fabricated typically by processes such as 
doctor-blade tape casting and lamination of the green sheets. Typical dielectric layer 
thickness for thin-film packaging is 25 µm or below compared to 100µm or above for 
thick-film packaging. The conductive layer thickness for thick-film packaging is about 
40µm and that for thin-film is around 1µm [Tummala et al. 1997b]. Clearly thin-film 
packaging allows higher degree of component miniaturization and high wiring density 
compared to thick-film packaging but thick film packaging allows the use of higher 
current and relatively simpler manufacturing processes, 
The most common technique of thick film deposition is screen-printing and the 
materials used include silver, gold, copper, gold-platinum, silver-platinum, silver- 
palladium and palladium-gold [Tummala et al, 1997a]. The stages involved in the 
manufacture of a multi-layer, thick-film, ceramic electronic package are shown in Figure 
8.1 a [Tummala et al. 1997a]. 
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"Green" ceramic tape 
1 
Metallization (screen printing) 
1 
Lamination of green ceramic layers 
1 
Co-firing in a reducing atmosphere 
1 
Nickel plating of exposed metallization 
1 
Braze metal components to substrate 
1 
Final gold/nickel plate of exposed metal surfaces 
Figure 8.1a. The steps involved in the manufacture of tape-cast 
ceramic package by screen-printing. 
The methods used for the fabrication of thin film packaging include sputtering, physical 
vapour deposition (PVD), chemical vapour deposition (CVD) and electro/electroless 
plating. Electroplating, one of the most common thin-film metallization techniques, 
involves the processing steps shown in Figure 8.1 b. 
These metallization methods are subtractive and have a number of disadvantages: 
" All the substrate area is covered initially and in order to produce conductive lines or 
selectively metallize, engraving and cleaning are used. 
" Engraving and cleaning are polluting and result in a significant amount of precious 
metal waste. 
In contrast, ink jet printing is direct writing of metallization patterns without the need of 
engraving and cleaning [Dupuis et al. 1996]. As well as reduced processing time due to 
the reduction of processing steps, ink jet printing may potentially be able to reduce line 
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thickness and width compared to the conventional methods of selective metallization 
such as screen printing. 
The present work therefore seeks to explore the possibilities of selective metallization of 
gold, using ink jet printing, with two main applications in mind: the decoration of' 
tableware and the creation of electrically conductive tracks for multi-laver circuits. 
('lean substrate 
1)cposit conducting 
seed laver 
Apply photoresist, 
expose and develop 
Plate metal pattern 
Remove photoresist 
and substractively etch 
seed layer 
Figure 8.1 b. Schematic diagram showing conductor deposition and 
patterning by the electroplating technique. 
8.2. Experimental details 
8.2.1. Materials and ink preparation 
The materials used for preparing the organic gold ink stiere gold 
mercaptoproprionylglycine powder, triethylamine and methanol. The properties of these 
materials, ink preparation and characterization are given in chapter 3. Two inks ere 
made. The first ink contained 4Owt% solid (organic gold) and the second ink contained 
32wt% solid. 
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8.2.2. Pattern design and printing 
Four test patterns, shown in Figure 8.2, were designed with Paint Brush for Windows: 
1) A rectangular coupon (Figure 8.2a), 
2) A coupon with square windows of ascending size (Figure 8.2b) consisting of four 
sets of windows. Counting from left, the first set consists of nine windows each of 
which is 3x3dots (291µm square). The second and third sets also consist of nine 
windows each, with an area of 4x4 (388µm) and Sx5 dots (485µm2) for each 
window respectively. The fourth set consists of three windows with an area of 6x6 
dots (582µm2) for each window. 
3) A set of parallel tracks of increasing size (Figure 8.2c). Counting from left, the 
design size of the tracks were as follows: three tracks of one dot (97µm) wide each, 
three tracks of two dot (194µm) wide and three of three dots (291µm) wide each. 
There is a one dot wide perimeter around the tracks. 
4) A one-dot-line width circuit grid (Figure 8.2d) for conductivity tests. 
Three different substrates were used: 
a) 1.5 mm thick, tape-casted, flat alumina plate, 
b) glazed wall tile and 
c) glass microscope slides. 
The circuit grid samples were printed with 32wt% solid ink and the rest of the samples 
were printed with 40wt% solid ink. To assist ink drying between layers, printing was 
conducted with enforced ventilation as described in chapter 4. Two printing modes, also 
described in chapter 4, were used: 
i) In "chessboard" or "dots missing mode, " each layer was deposited by overprinting 
two images, each with adjacent dots missing. This mode was used when printing on 
the alumina substrate where ink spreading was a problem. The aim was to assist ink 
drying between layers and minimize ink spreading. 
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13mm 
4mm (aý 
13 mm 
4mm (b) 
14mm 
111 11 
4mm (C) 
14mm 
FLJ-U IJ 4mm (d) 
Figure 8.2. Schematic design of the test patterns (a) rectangular 
coupon, (b) square windows of ascending size (3x3,4x4,5x5 and 6x6 
dots), (c) parallel tracks of ascending size (1,2, and 3 dots wide), and 
(d) circuit grid. 
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ii) In "solid" or `full dots" mode, each layer was deposited by printing the image once. 
All the samples were printed in dots missing mode except the circuit grid, Figure 8.2d, 
which was printed in full dots mode. 
8.2.3. Firing of printed patterns 
In order to find out the optimum firing temperature, four samples were made by dip 
coating of the ink on glass microscope slides and drying at room temperature for 86.4ks. 
Then they were fired in an electric muffle furnace (Lenton Thermal Designs, Sheffield, 
UK) in air at a heating rate of 0.083ks"1 to different temperatures (673K, 723K, 773K 
and 823K) and dwelled at these temperatures for 1.8ks. The printed patterns were dried 
and fired in the same procedure as the dip coated samples except that the firing 
temperature for these samples was 693K. 
8.2.4. Thermal analysis and conductivity measurement 
To remove the solvent, printed samples were dried at room temperature for 86.4ks. Then 
the samples were pyrolysed in an open aluminum pan using thermogravimetric analysis 
(TGA, Model TGS-2, Perkin Elmer, USA) and differential scanning calorimetry (DSC, 
Model 7, Perkin Elmer, USA). The aim was to gain information on mass loss and 
decomposition temperature during conversion of the organo-metalic compound to gold. 
Both TGA and DSC were conducted in air with a heating rate of 0.083 Ks''. The 
electrical resistance of tracks was measured with a programmable multi-meter, model 
1705, (TT Instruments, Huntingdon, UK). The components used for the conductivity test 
(shown in Figure 8.2d) were fired at 693K in the muffle furnace as described in section 
8.2.3. 
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8.3. Results and discussion 
8.3.1. Assessment of ink printability 
Although the gold mercaptoproprionylglycine is soluble in water, prior work [Song et at. 
1999] indicated that water is not an ideal solvent for printing multi-layer structures 
because of its low evaporation rate. The compound was only sparingly soluble in 
ethanol but very soluble in methanol. In view of its toxicity, methanol is not an 
acceptable solvent and the careful tailoring of solvent and solute are needed for the full 
formulation of ink for this technique. The ink remained clear and free from precipitation 
on cooling to room temperature. The 40 wt % solid ink had a viscosity of 7.5mPas 
which is slightly higher than that of the proprietary inks used for the IBM printer (4.8 
mPas) and is close to the upper limit of ink viscosity for this printer (-8 mPas). The 
surface tension of this ink was found to be 29 mNm 1, close to that of methanol (22 
mNm"1). In contrast to ceramic inks, nozzle blockage was rare during printing with these 
solutions. 
8.3.2. Assessment of component definition 
The unfired green bodies were translucent (as shown in Figure 8.3) and therefore 
difficult to assess their geometric definition. Hence the fired samples were used to 
characterize the dimensional definition of the patterns. A rectangular coupon pyrolysed 
at 693K is shown in Figure 8.4a. The film deposited by over-printing two layers shows 
no visible defects. Figure 8.4b shows a window array which consists of two samples of 1 
and 2 layers deposited on an alumina substrate and pyrolysed at 693K. The first set of 
windows closed up for the two-layer sample (top coupon) and the second set is almost 
closed up. For the one-layer sample, only the first set has closed up. Therefore for the 2- 
layer coupon, the minimum dimension of the windows which have not closed up is 
485µm2. For the one- layer sample, the minimum area of unclosed windows is 388µm2. 
The window samples provide a useful test for the spreading of ink during printing and 
pyrolysis and indicates the minimum dimension of blank areas. 
148 
Chapter 8. Ink-jet printing of gold conductive tracks 
2mm 
Figure 8.3. Optical microscopy of printed and unfired parallel tracks 
of ascending size (35 layers). 
5mm 
Figure 8.4a. A photograph of fired rectangular gold coupons 
consisting of two layers of overprinting. 
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5mm 
Figure 8.4b. A photograph of fired samples consisting of four sets of 
different sized windows. The samples were printed on alumina substrate. 
The top sample was made by two layers of overprinting and the bottom 
one was a single layer coverage. 
5mm 
Figure 8.4c. A photograph of the parallel tracks consisting of three sets 
of lines, which have widths of 1,2 and 3 dots, printed and pyrolysed on 
alumina substrate. 
Figure 8.4c shows parallel tracks made by 3 layers of over printing on an alumina 
substrate. The nozzle was slightly blocked during printing of this sample and there is 
evidence of ink spraying on the substrate. The two dot and three dot wide tracks have the 
same width, however the one dot tracks show smaller width. 
The test patterns used to assess the electrical conductivity of the fired gold are shown in 
Figure 8.4d. The designed line width of the samples was 97µm corresponding to one dot 
and samples of 2,3,5 and 8 layers were prepared. The line gain increased with the 
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number of layers printed because of ink spreading in the liquid state and during 
pyrolysis as discussed below in the context of electrical conductivity measurement. The 
line width for the three-layer circuit grid is considerably smaller than that of the parallel 
tracks of the same designed line width. Three factors can be attributed to this difference 
in line width. First the ink used for printing the circuit grid was 32wt% solid whereas the 
parallel tracks were printed with 40wt% ink. Second, no blockage of the nozzle 
happened during printing the circuit grid and hence no ink spraying. Thirdly the 
substrates used were different; the circuit grid was printed on a glazed tile while the 
parallel tracks were printed on alumina substrate. 
5 layers. 
2 layers. 
3 layers. 
5mm 
Figure 8.4d. Circuit grids printed and pyrolysed on a glazed tile and used for 
assessing electrical conductivity. From top to bottom, the number of layers for 
each coupon are five, two and three. 
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8.3.3. Microstructural assessment of tired films 
Firing of' green samples resulted in a total mass loss of about 50% and yielded a gold- 
coloured film which was electrically conductive. Ilowever microscopy examination of 
the tired samples showed defects. 
a) Thermal analysis 
In order to understand the decomposition characteristics of the organic gold compound 
and hence the causes of the defects, thermal analysis of the material was conducted. 
Figure 8.5a shows a TGA graph from the thermal analysis tests. At 450K. the graph 
shows a loss in mass of -I 5%. 
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Figure 8.5a. i'hermogravimetric analysis during the pyrohytic conversion. 
The organic gold ink was dried at room temperature for fourteen ºlays 
and then crushed to powder form. 
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This mass loss is partly attributable to the removal of low molecular weight species such 
as residual methanol and triethylamine, which have boiling points of 3.19K and 362K 
respectively. Other low combustion temperature materials in the organic gold may have 
also contributed to this mass loss. The sharp drop in mass at - 470K, as shown by the 
TGA analysis, indicated the onset of decomposition of the gold-organic precursor. This 
mass loss which is an exothermic decomposition is confirmed by the l)SC trace shown 
in Figure 8.5b. 
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Figure 8.5h. Differential scanning calorimctry of pyrolytic conversion 
to gold. The ink was dried at room temperature and then crushed to 
powder form. 
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At higher temperature, a second fall in mass, corresponding to about 611u mass loss can 
he identified between 793-853K. Fnergy dispersive X-ray analysis showed that sulphur 
was present in the unfired sample but not in samples that had been fired to 693K. thus 
the second mass drop is not associated with the loss of sulphur compounds but is 
probably caused by oxidative loss of carbon residue in the temperature range of 793- 
853K. No further attempt was made to identify the mechanism behind the second mass 
drop as the first decomposition at 693K was sufficient to obtain conductive gold film. 
b) Defect characterisation 
The defects observed in the fired gold films were cracking or splitting of the film and 
delamination of the film from the substrate. These defects were more severe für thicker 
samples of 15 layers or more. Figure 8.6 shows a 35-layer sample printed on alumina 
substrate where the film has completely disintegrated. 
-, liNt :44*ý 
6 
1111111 
Figure 8.6. A 35-layer sample printed on alumina substrate and 
fired at 693K showing severe disintegration (flaking) of the film. 
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One possible mechanism of how cracking and film disintegration defects develop is as 
follows: 
" During drying at room temperature, it was observed that thicker films develop 
cracks. The organic material shrinks after solvent loss however the shrinkage is 
restricted by the substrate. Hence the film becomes in tension and cracks. 
" Also as was observed from line width increase of the printed samples after firing, the 
compound first melts during pyrolysis. Then, shrinkage due to mass loss puts the 
film in tension. From the thickness measurements of the dried but unfired samples 
and the number of layers printed, the average green layer-thickness was found to be 
5.6µm. In comparison, the average layer thickness of the gold film (after firing) was 
found to be 1.39µm. This was obtained from the cross section, SEM image, of a 2- 
layer coupon. Thus the pyrolytic conversion from the gold-organic compound to 
gold resulted in a 75% linear shrinkage in the thickness direction. The shrinkage in 
the printing plane is restricted by the substrate and this gives rise to tensile stresses in 
the film. 
" During cooling, the thermal mismatch between the gold film and the substrate 
generates further tensile stresses in the film. 
The combined shrinkage and thermal mismatch stresses result in cracking and lifting of 
the film from the substrate. Since thicker samples contain more material than thinner 
ones, the diffusion of the volatile materials to the surface may not be as quick. Therefore 
pressure buildup inside the film may cause larger areas of the film to lift up from the 
substrate and result in the disintegration of thicker samples as observed. The extent of the 
cracking defects was dependent on the substrate material. It was more severe on alumina 
than on the glazed tiles or glass slides. Fine isolated cracks can be detected in 4-layer 
film printed on alumina (Figure 8.7a). Figure 8.7b shows the top surface of 4-layer film 
on glazed tile and should be compared with that of Figure 8.7a. 
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Adhesion was also relatively poorer on the alumina substrate compared with glazed tile 
or glass slides. Thin gold film (up to 3 layers) on alumina tended to delaminate and 
could be pulled off easily from the substrate while no such delamination was observed 
for the glazed tile substrate or for the glass slides. The linear thermal expansion 
coefficients for gold, alumina, glazed tile and soda-lime glass are 14,7,6 and 8 x10-6 K'' 
respectively. The differences in track adhesion between the substrates are not therefore 
explained simply by thermal expansion mismatch. The poor adhesion shown by the 
alumina substrate may be caused by poor surface finish. Figure 8.7a shows an uneven 
surface of a fired film on an alumina substrate. Again this film should be compared with 
that of Figure 8.7b. 
Attempts were made to enhance the integrity of the gold film in terms of the green 
strength and adhesion to the substrate. A polymer binder was used to increase the green 
strength of the deposited layers and hence resist cracking of the film during drying and 
pyrolysis. Thirty-five layer printed coupons were dip-coated in polyethylene glycol 
(PEG, grade 4000, BDH, Poole, England) dissolved in ethanol at lOwt% and 
companion-fired with an un-coated sample. This did not prevent cracking and 
disintegration (flaking) of the film on pyrolysis. PEG was then added to the ink at 
4.52wt% but this also failed to prevent the cracking defects. Then Rhodium (111) 
acetate (Johnson Matthey, Royston, UK) was added to the organic gold ink to enhance 
the adhesion of the fired film on the substrate. The ratio of the gold metal to rhodium 
metal was 200 as advised by the supplier of the materials, The percentage gold metal 
content, by mass, in the gold mercaptoproprionylglycine powder was 54.4 and that for 
rhodium metal in the rhodium acetate powder was 34.8. Therefore 0.102g of rhodium 
acetate powder was added in an organic gold ink containing 13g of gold 
mercaptoproprionylglycine powder. Glass slides were dip-coated in inks with and 
without rhodium acetate addition for comparison. The slides were held vertically during 
drying to allow the thickness to vary. The samples were then fired under the same 
heating rate of 0.083K/s to temperatures of 673K, 723K, 773K, and 823K with 1.8ks 
dwell time. 
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Figure 8.7a. Four layers printed on alumina substrate and 
fired at 693 K. 
- fl 
Figure 8.71). Four layers printed on a glazed tile and fired at 
693 K. 
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(a) 
(h)) 
Figure 8.8. The effect of rhodium acetate addition on the surface topography 
of gold film prepared on glass slides by dip-coating and pyrolysed to 723K. 
a) Without rhodium. 
b) With rhodium addition. 
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The addition of rhodium acetate caused a colour change of the film from gold to 
brownish gold. It did not prevent cracking and flaking at the thicker end of the coating 
but there was apparent improvement of the film continuity in the thinner coating region. 
Figure 8.8 compares the surface topography of coatings with and without rhodium 
addition. The smoother surface finish and comparative lack of pores was manifested by 
more glossy appearance exhibited by the gold-rhodium dip-coated samples during visual 
inspection. 
Both methods of film integrity enhancement indicated that more work is needed to 
overcome the problems of film cracking and disintegration especially for thicker 
samples. As the inkjet deposition of thin conductive tracks was the major objective, no 
further attempt was made to tailor ink formulation for printing thick samples. 
8.3.4. Assessment of the electrical properties of printed films 
Line gain (minimum width of lines attainable) and line spacing are perhaps the most 
important requirements for the miniaturization of conductive tracks. Apart from the 
resolution of printer, the minimum size of droplets and dot to dot spacing, line gain and 
line spacing are dependent on ink spreading. Ink spreading depends on the properties of 
the ink, such as surface tension and viscosity, and the substrate used. For a given ink and 
substrate, the number of printed layers play an important role because the size of the 
unfired track increases as more layers are printed. Also during pyrolysis the dried ink 
softens and spreads thus the thicker of a line the more material that will spread laterally. 
Table 8.1 shows the effect of number of layers on line gain after firing. 
The electrical resistance measurements for the tracks shown in Figure 8.4d are given in 
Table 8.1. Since a two point measurement was made, the lead and contact resistance 
associated with the silver paste deposited for termination (0.40) was deducted. The track 
length was 52.2mm. 
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Table 8.1 Electrical conductivity of gold tracks' 
No. of layers Width/ µm c. s. a. /10' m _RF// Qm' OD' K/10 
6 Sm 
2 190 5.3 42.6 815 0.15 2.3 
3 220 7.9 21.4 409 0.09 3.1 
5 330 13.2 13.1 251 0.08 3.0 
8 360 21.1 5.6 108 0.04 4.4 
a track length 52.2mm 
b cross sectional area (c. s. a. ) was based on the two-layer track to compensate for 
spreading 
c 0.38 0 deducted for lead and contact resistance; mean of 2-3 tracks. 
As shown in Figure 8.4d, line gain, and hence thinning, increased with the number 
layers. Therefore when calculating the cross-sectional area, it was assumed that the 
amount of thinning, and width of fired film, increases linearly with the numbers of 
layers. The cross sectional area of the two-layer track was calculated based on its width 
(shown in Table 8.1) and thickness of 2x1.39µm (given in the earlier discussion). The 
cross-sectional areas of the 3,5, and 8 layer tracks were deduced from that of the two. 
layer track and was not directly calculated from the table. To get the cross-sectional area 
of these tracks, the number of layers of the tracks divided by two was multiplied to the 
cross-sectional area of the two-layer track. Resistivity is expressed in three ways: 
1. S2/m: When building a circuit of tracks, then for every metre of track, resistivity is 
given by resistance divided by track length. 
2. f)Jo (Ohm per square): For tracks of the same thickness, resistivity (expressed as 
ohm per square of any length unit, i. e. square metre, centimetre, millimetre etc, ) is 
given by resistance multiplied by track width and divided by its length. 
3. Bulk resistivity, a material property, is calculated by multiplying the resistance to 
cross-sectional area and then dividing the result by the length of the track. The 
highest bulk conductivity recorded for these films is 4.4 x 106 SM -1 which is about 
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10% that of hulk pure gold. Although there might he impurity effects resulting from 
incomplete pyrolysis, the main factor that lowers the conductivity is the porosity in 
the film as shown in Figure 8.9. 
It is worth noting that 2-layer, single-dot wide tracks printed in full dots nude were 
sufficient to create continuous and conductive gold film. 
Figure 8.9. Porosity of a gold film printed on glazed tile and fired at 693K. 
8.4. Conclusions 
Inks containing 32 and 40wt% gold mercaptoproprionylglycine have been developed 
and used for printing patterns and conductive tracks of gold film on a range of substrates 
including alumina plates, glazed tiles and glass slides. The inks were suitable fier 
depositing conducting gold films of 1.39µm thick, providing a potential technology for 
industrial fabrication of electrical circuits or Iür decorative printing. The likely 
problems have been identified and discussed. 
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To extend this technology to the fabrication of thicker or 3D gold components, the inks 
need modification to resist spreading during pyrolitic conversion to gold and to prevent 
cracking and disintegration of the film. 
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Chapter 9. Macroscopic and microscopic defects of inkjct 
printed ceramic components 
In ceramic inkjet printing, two important criteria normally used to determine the 
quality of fabricated components are the control of macroscopic and microscopic 
defects. Macroscopic defects are those due to lack of accuracy of deposition. 
Macroscopic defects affect both the definition of the size and shape of a component 
such as the dimensions of lines or area of deposition, the spacing between deposited 
areas, the surface finish on the plane of deposition and quality of vertical structures. 
Microscopic defects are internal voids or flaws due to deposition or subsequent 
treatments. 
In this work, macro and microscopic defects were found in the fabricated parts and 
the reasons are studied and discussed in this chapter. 
9.1. Macroscopic defects from incorrect droplet formation and 
registration 
Correct formation and registration of ink droplets is the key to depositing material to 
the desired positions and hence critical to the geometric accuracy of the components 
being fabricated. Incorrect formation of ink droplets and registration can give rise to 
a number of different forms of defects which include: 
1) loss of dimensional definition. 
2) distortion of 3D features such as vertical walls, pillars and cavities, 
Ideally, each pulse of firing voltage signal should result in one ink droplet which 
registers on the substrate at a predetermined position. However, the droplet may 
break up to form finer droplets during printing and this phenomenon is termed ink 
spraying. 
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There are a number of possible causes of ink spraying: 
(a) A nozzle could be partially blocked or obstructed by the build-up of dry ink at the 
nozzle tip. When this happens, it causes droplets to break-up into finer ones and get 
propelled at different angles. This was considered the major cause as regular cleaning 
of the nozzle tip was found necessary during printing to remove the build-up of dry 
ink. Also if the nozzle is partially blocked, the main droplet may be ejected at an 
angle and land at a different position than it would if the nozzle was fully open. This 
happened quite a number of times during printing especially when two different 
nozzles were used in one printing run. 
b) Un-dispersed agglomerates or debris in the ink could disturb normal droplet 
formation. This was a less likely cause in this work as great precautions were taken 
by ball milling the inks and then filtering them with a 10µm aperture filter before 
printing. In addition, the diameter of the nozzle is much larger (65 gm) than the filter 
aperture and the inks were dilute with a ceramic loading below 4vol%. These, 
however, did not exclude the possibility of nozzle partial blockage by bridging of 
agglomerates or those formed by flocculation or sedimentation of particles during the 
long printing operations. 
Figure 9.1 shows an example of the effect of ink spraying on droplet registration 
observed during printing of a component with an array of vertical holes. The 
definition of the deposition pattern was clear for the first few layers. However, as 
more layers were deposited, accumulation of sprayed droplets increased with the 
number of deposited layers and eventually definition of the pattern was lost. Figure 
9.2 shows a BaTiO3 component (a rectangular coupon) where severe ink spraying 
was observed during printing. The coupon depicts an irregular thin layer or "skirt" 
around the edges of the component as a result of ink spraying. It should be noted 
that, since the substrate is positioned vertically, vertical ink flow down the substrate 
might also cause a "skirt" to form. But this can only be formed at the lower edge of a 
component. The fact that the "skirt" covers all around the edges of the component 
showed that vertical ink flow was not the cause. 
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lnnm 
Figure 9.1. Two layers of 2vol'%º PZT ink (I. Ivol'%º dispersant and 
0.45vol`%, hinder) printed on acetate showing ink sprayed into the 
windows. Printing was done without assisted drying. 
111111 
Figure 9.2. The top surface of un-sintered component printed with 2.5vol'%o 
BaTi0 3 ink (O. 04vol'Yo dispersant and 2.46vol'%, binder) displaying severe 
dimensional increase due to ink spraying. The result is a "skirt" around the 
component. Ilot air drying was used during printing. 
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Another potential but less serious source of macroscopic detect formation is the 
development of satellite drops. It has been determined experimentally that satellite 
droplets can be generated when the plane of the ink meniscus at the iioizle lhee 
deviates significantly from being perpendicular to the plane of the nozzle aperture 
[Lorenze and Kuhman, 1996]. The satellite drops form from the break-up of the 
ligament, or -tail-of ink which attaches the ejected drop to the ink in the print head 
channels prior to separation. Under desirable drop ejection conditions, the ligament 
breaks off at or very near the centre of the nozzle structure, and the satellites 
generated follow the same trajectory as the primary ink drop. If, however, nozzle 
face conditions are such that the ligament breaks oft' at a location other than the 
centre of the nozzle structure, "tail bending" will occur and the satellites formed 
follow a trajectory different from that of the primary drop, resulting in print quality 
defects I Lorenze and Kuhman, 1996]. 
When misdirected satellite drops fall outside the main ink spot on the print medium, 
the main spot is no longer circular but rather elongated or "pear-drit ped".. S'ilk'//i1e 
drops travel behind the main ink droplets. This has been observed in a high-speed 
imaging study of droplets formation done in this work and discussed in chapter 4. 
Figure 9.3 shows a main droplet followed by a trail of liner satellite droplets, all 
generated by a single firing pulse. 
C 
E 
Figure 9.3. Imaging of ink jet printing: an isohropanol droplet showing a 
trail of smaller satellite drops and a shadow of the droplet from the 
previous image. 
166 
Chapter 9. Macroscopic and microscopic defects of inkjct printed ceramic cumponcnts 
(a) 
4p *aAa 40 * 
(h) 600[m 
Figure 9.4. The effect of satellite drop formation on spot shape: There are five 
dots missing (un-printed) between any two consecutive droplets and printing 
was done without assisted drying. (a) One layer of 2vol'%º PZT ink droplets. 
The ink contained 0.8vol'%º dispersant and 0.8vol'%º binder. The droplets are 
round and show no tail and hence no satellite drop formation. (h) One layer of 
organic gold ink (40wt'% solid). The droplets show a tail and occasionally fine 
droplets detached from the main droplet suggesting the formation of satellite 
drops. 
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From observations of droplet registration during printing, drop mis-registration does 
not happen if the nozzle is fully open and the ink is stable. Since satellite drop 
formation does not depend on nozzle condition but depends on ink meniscus at the 
nozzle face, it is reasonable to say that satellite drop formation is not the cause for 
drop misplacement observed when the nozzle was partially blocked. Also the fact 
that satellite drops travel in the same direction as the main droplet discounts satellite 
droplet formation as the cause of the random distribution of droplets shown in Figure 
9.1. However, they may well be responsible for the elongated "pear-shape" of 
deposited droplets found in a previous study [Mott et al. 1999a]. Figure 9.4 compares 
two examples with and without such elongation. The round shape of the droplet 
impacts in Figure 9.4a indicated "perfect" droplet formation without satellite droplets 
for the chosen ink and printing conditions. In Figure 9.4b, the elongation of impact 
shape was likely to be resulted from a satellite droplet which travelled at a different 
trajectory than that of the main droplet and thus formed the tail. 
Even when ink droplets can be formed properly, without breaking-up and spraying, 
the correct registration of droplets on the substrate is also important. As shown in 
Figure 9.5, when a droplet is fired from the nozzle, it travels with the firing velocity, 
VZ, in the Z direction towards the substrate as well as horizontally at the velocity of 
the print head, V, in the X direction. 
AX 
VDroplet 
Z 
1 
-10- V X 
Nozzle 
Figure 9.5. Schematic diagram showing how the distance between 
nozzle and substrate (Z) effects the offset of droplets (AX). 
168 
Chapter 9. Macroscopic and microscopic defects of inkjet printed ceramic components 
This means that there is an offset, OX, in the horizontal registration of a droplet on 
the substrate from the horizontal position it was fired at. Derived from the velocity 
triangle of Figure 9.5, the off-set is given by this relationship: 
dx=V"Z 
VZ 
(9.1) 
For a given printer, the lateral velocity of the printing head, VX is a machine constant. 
The droplet firing velocity, Vz, depends both on the power of the piezoelectric firing 
device and the ink properties [Chen et al. 1999; Shield et at. 1987] and may also be 
assumed to be a constant for a given print head and ink. Therefore the off-set 
increases proportionally with the Z distance (the spacing between the substrate and 
nozzle). The procedure detailing how this relationship was investigated is described 
in Chapter 4. Figure 9.6 confirms such a linear relationship. From equation 9.1, 
knowing V., Z and AX, VZ was calculated and is IOms'' for this print head and ink. 
Using an encoder and gears, the original lateral velocity of the print head, 0.845 ms's 
as calculated by Mott [2000], was reduced to half. Hence the lateral printer head 
velocity of the modified printer is 0.422 ms'1. The gradient, LiX/Z, was calculated 
from Figure 9.6 and is 0.0421. 
Using the same printer head, an experiment of droplet formation conducted at Oxford 
Lasers (discussed in chapter 4) gave a droplet velocity of 6.51ms''. Therefore there 
is a discrepancy of 3.49ms'1 which is due to ink property differences as isopropanol 
was used for the Oxford laser experiment. Experimental errors also make part of this 
discrepancy. 
To ensure that the droplets land at the same position on the component during 
overprinting of many layers, the offset should be kept constant, i. e. the separation 
distance, Z, between the nozzle and the top surface (not the surface of the substrate) 
of the component should be constant. However, as more layers are deposited during 
printing, the component thickness will increase and thus the separation distance will 
decrease. Therefore for the droplets to hit their intended target, it is necessary to 
move the print head backwards according to the thickness of the component. This 
can be automated, for instance, by using an electronic device with a sensor to detect 
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the deposition thickness and a step motor to adjust the distance. In this work, the 
modified printer allows the distance Z to be adjusted manually. The adjustments 
were made in a stepwise manner (a few micrometers a time) using a built-in screw 
gauge micrometer. A large change in the separation distance during printing may 
result in an offset sufficient to cause distortion. During printing of a PZT component 
with square vertical holes of 580µm maximum side length, the separation distance 
was adjusted by 7mm in a single step. The layers subsequently deposited shifted so 
much that the areas meant to be left un-printed for the holes were filled and hence the 
vertical holes were gradually lost during further deposition. Figure 9.7 shows this 
component with closed z-direction channels. Flow of deposited ink can also be a 
cause of distortion. 
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Figure 9.6. A chart of droplet off-set changes with nozzle-substrate 
separation distance (ball milled ink of 2vol% alumina, 1.6vol binder 
and 0.4vol% dispersant). 
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2mm 
Figure 9.7. A PZT component printed with 3vol%, PZT ink (1. 
Svol'%º dispersant 
and O. Svol`%º binder) depicting closed z-channels which 
resulted from a large 
step adjustment of the z-position of 
the print head. This adjustment caused 
droplet off-set and deposition of 
ink into the channels. Not air drying was used 
during printing. 
Figure 9.8. A fractured cross-section of un-sintered component printed with 
2.5vol'% BaTiO3 ink (0.04vol'%º dispersant and 2.46vo1% binder) where the 
drying rate was so slow that the structure has slid down by gravity. 
The right 
hand side was the upper side during printing and the left-hand side was 
the 
lower side. No hot air drying was used during printing. 
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For the modified printer used in this work, the substrate is placed adjacent to a 
vertical plate and therefore vertical ink flow along the substrate may also have 
contributed to the distortion. Figure 9.8 shows the uneven thickness on the cross- 
section of a rectangular coupon printed with an ink containing 50vol% of organic 
species. This distortion was attributable to the vertical flow of the ink, due to earth's 
gravitational force, before the ink was sufficiently dry to resist such flow. Methods to 
restrain ink flow (e. g. faster drying) would help to minimise such distortion but it can 
be remedied by printing on a horizontal substrate. 
9.2. Microscopic defects 
During this work, four different ceramic powders were used to fabricate ceramic 
parts of various shapes. The powders used were alumina, zirconia, lead zirconate 
titanate (PZT) and barium titanate. At the earlier stage of this work, micro-structural 
examination of the components fabricated from all these powders showed defects in 
the form of voids typified by Figure 9.9. Systematic experiments were carried out to 
study the causes of these microscopic defects. Two main hypotheses have been 
investigated as the possible causes: 
1) Formation of voids due to boiling of the solvent during printing with assisted 
drying: Assisted drying in the form of hot air, blown across the surface of the 
component being printed, was used in order to reduce ink flow and dry deposited ink 
between layers. The blowing of hot air during assisted drying may have caused the 
overheating of the deposited material so that the partial pressure of the volatile 
species within the component have exceeded the ambient pressure and thus caused 
the formation of bubbles. 
2) Formation of voids due to the impacts by droplets on previously deposited layers: 
The deposited layers may not be able to resist the impact of ink droplets and hence 
"holes" may form as a result of the bombardments. Also the relics of impact may not 
be able to "heal" and thus left as the voids. 
These hypotheses were tested by studying the microstructure of the fabricated 
components in relation to ink compositions and properties. Table 9.1 summarises the 
components printed, the inks used, printing conditions and microscopic assessment 
of the severity of defects. 
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Figure 9.9a. Sintered and polished fracture surface cross-section of 
a 
laminate (ink 1) component showing micro-structural 
defects and also 
uneven top surface. 
Figure 9.9b. A fractured cross-section and top surface of sintered 
I'! l' 
component (ink 11) depicting top surface craters which connect 
to micro- 
structural voids. 
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Table 9.1 a shows evidence that when the printed inks contained binder higher than 
4.25vo1%, the components printed showed defects. However when the inks contained 
no binder, no defects, similar to those found in components printed with inks 
containing binder, were present. This is the main conclusion from Table 9.1. 
Table 9.1 a contains five variables which theoretically can affect the defect formation 
of the printed components. These are powder, dispersant and binder contents, 
printing mode and drying method. For all the inks which contained powder, 
dispersant and solvent only, no defects have been found irrespective of the amount of 
powder and dispersant contained in the ink and the printing mode and drying method 
used. Inks 3,4 and 7 are examples. Therefore variation in powder and dispersant 
contents in the inks does not contribute to defect formation. Now we shall 
concentrate on the other three variable which are binder content, printing mode and 
drying method. If two components with the same printing mode and drying method 
show different levels of defects, then one conclude that differences in binder content 
is the cause. Inks 2 and 8 are examples of this. 
9.2.1. Boiling of solvent as the cause of void formation 
As described in Chapter 4, a hot air station was used to deliver gentle blow of hot air 
to the top surface of a component to assist drying of the ink during printing. If the 
temperature within the component was raised, by the hot air, to above the boiling 
point of the solvent, then gas bubbles may form and be present in the component as 
voids. To test this hypothesis, the temperature at the exit of the hot air blow nozzle 
was measured with a calibrated thermal probe (Digital Thermometer, model: NS930, 
HANNA Instruments, Portugal). When the hot air temperature was set at 453K and 
flow rate of 0.033m1s'', which are typical conditions used in this work, the air 
temperature at the exit of the air blow nozzle was 333K due to the heat loss along the 
flexible silicone tube. This temperature (333K) was lower than that of the boiling 
point of the solvent used, isopropanol, which is 356K. The temperature at the top 
surface of the component would be even lower than 333K due to heat loss to the 
surrounding. Thus, it can be concluded that the boiling of solvent was not the cause 
of void formation in any of the printed components. Furthermore, should boiling be 
the cause, the voids would have been spherical in shape and irregularly distributed 
throughout the component. However, it was observed that the voids are mostly not 
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spherical and the spacing of the voids bear some relationship with the positions of 
droplet impacts (see Figure 9.9a). Further confirmation of this was the fact that some 
components printed without the use of hot air also showed voids. Thus the 
investigation was focused on the possibility of the voids being formed by droplet 
impact. 
9.2.2. Droplet impact as the cause of void formation 
It has been reported in the ceramic inkjet printing literature [Mott, 2000; Song et al. 
1999; Klintberg et al. 1999] that relics, which had a similar shape as the craters 
shown in Figure 9.10, were observed on the top surface of printed components. 
These "craters" are related to the printing pattern and resulted from the deformation 
of previously deposited layers when subsequently deposited ink droplets impacted on 
them. This phenomenon suggests the possibility that if the penetration of droplet 
impact is sufficiently deep and not able to heal itself, then holes or internal voids 
form within the component. This hypothesis of voids formation is based on the 
assumptions that previously deposited layers were deformable under the impact of 
droplets and yet unable to flow back to fully recover or heal the relics of impacts. 
The formation and healing (recovery) of these voids depends on both the speed or the 
kinetic energy of the ink droplets and ink properties such as drying rate, viscosity, 
surface tension and yield strength. There was no report of micro-structural defects in 
the above literature and the "craters" reported were relatively shallower than those 
found in this work. 
An investigation was conducted in this work in order to see whether droplet impact 
and the resulting "craters" were related to the microstructural defects found in the 
printed components. Careful SEM examinations were focused on searching the 
relationship between "craters" on the top surface and voids on_ the fracture surface. 
The SEM micrographs revealed some critical evidence of such a relationship as 
shown in Figures 9.9a and 9.9b. The top surface "craters" extended and linked with 
voids on the fracture surface. This confirmed that the voids resulted from the 
penetration of impacts by ink droplets. The fact that the internal wall of the voids 
was of round shape and smooth also suggests that the material was soft at the 
moment of impact. 
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Figure 9.10a. A top surface crater front it droplet impact. Faset) ººn the dn' 
composition, the ink used for printing this sample contained 43vo1% i. ircunia 
powder and 57voI'%o organic Mott, 20001. 
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Figure 9.1 Oh. Top surface of iirconiu component printed with ink containing 
5Ovol'% ceramic and 5O Ol% organic. This ink was sedirncnted for 43.2ks prior to 
printing. ('raters from droplet impact are shown on the surface (Song ct al. 19991. 
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It follows that two essential attributes are responsible for the formation of these 
voids: 
1) The previously deposited layers were not fully dried or hard enough, and were 
unable to resist the piercing of droplet impacts and 
2) The relics of impacts were unable to heal themselves by flowing under surface 
tension to flatten the craters. 
The factors, which influence the formation of voids and the preventative measures 
needed to avoid the formation of such defects, are discussed in the following 
sections. 
9.2.2.1. The resistance to droplets penetration 
The drying rate of an ink is essentially the rate of mass loss of the solvent in the ink. 
The initial drying rate of an ink, when solvent concentration is high and the ink 
viscosity is low, is governed by the volatility of the vehicle solvent [Song et al. 
1999]. As more solvent is vaporised and the ink becomes a paste, diffusion of the 
solvent through the non-volatile organic additives (e. g. binder and dispersant) 
determines the rate of solvent removal and thus the drying rate decreases. At the 
final stage of drying, when the ink is almost dry, diffusion of the solvent through the 
composite of ceramic particles and the other non-volatile organic additives dominate 
the drying process and further reduction in drying rate is expected. The drying rate 
characteristics of two alumina inks, one with binder and one without, is shown in 
Figure 9.11. This figure was derived from TGA tests of ink mass loss in air and a 
static temperature of 323K. Ink "a" was used to print the 0 laminate components 
(see ink 4, Table 9.1) and ink "b" was used to print the 2nd laminate components (ink 
2, Table 9.1). These two components showed different levels of defects and the basis 
of why the drying tests were conducted was to find out if the drying rate of the inks 
was different. 
According to Figure 9.11, both inks, using the same solvent, showed a similar rate of 
mass loss in the early stage and this agrees with observations in the literature that the 
initial drying rate is dominated by the solvent used. The ink without binder 
maintained a higher drying rate than the ink with binder in the later stage before a 
sharp drop to zero rate of mass loss. The ink with binder, however, behaved very 
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Figure 9.11. Drying rate of two alumina inks of different binder content. 
a) 3vo1% powder, 1.5vol% dispersant, Ovol% binder, 
b) 2vol% powder, 0.4vo1% dispersant and 1.6vo1% binder. 
differently. It showed a more steady slow down of drying, particularly at the last 
stage before the complete loss of solvent. This confirmed that the binder hindered the 
evaporation of the solvent by restricting solvent diffusion. The drying rates of the 
inks were compared on the basis of mass loss from a known surface area (the top 
surface of ink in the TGA pan). This means that the solvent was lost from the same 
surface area of ink samples. The time for the mass loss rate to reach zero (i. e. when 
solvent is completely lost) depends on the initial mass of ink samples, which was 
also recorded. The initial mass of the ink with binder was 33.27mg and that for the 
ink without binder was 32.78mg. Reading from the graph (Figure 9.11), the drying 
time for ink "a" was 1100 seconds and that for ink "b" was 2050 seconds. Provided 
that the experimental conditions are kept the same, 32.78mg mass of ink "b" would 
dry in 2020 seconds. Hence the ratio of the drying time of the inks is 1.84, an 
increase of drying time by a factor of two due to the effect of binder. 
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This difference in drying time has important implications in the resistance of the 
deposited layers to droplet impacts. Inks without binder have better chances to 
completely dry out before a subsequent layer is deposited than inks with binder. 
Work done with monolithic alumina powder and composite laminates (Al-Al/Zr) 
confirm the results from the drying rate of inks. Figure 9.12 shows that the micro- 
structural voids described above can be completely prevented simply by leaving out 
the binder in both the alumina ink and the alumina/zirconia composite ink. Figure 
9.12 also compares the top surface of laminates with and without binder. As shown 
in Figure 9.13, the droplet relics on the top surface of samples without binder show 
similar characteristics to that of impact relics on a solid surface. This suggests that 
when the droplets impacted on the previously deposited layers, the top surface layer 
was completely dried and became a solid surface, thus there was little or no 
penetration of the droplets into the layers. The droplets, upon impact, spread laterally 
and formed thin, flat discs rather than forming "craters" on the top surface. In 
contrast, the top surface of laminates printed with inks that contained binder 
remained soft (viscous) and were less resistant to droplet penetration. The wavelike 
interfaces in the laminate printed with 1.6vol% binder ink shown in Chapter 5, in 
comparison of the straight line interfaces of the laminate printed with ink of no 
binder content, also support this argument. 
Drying is also affected by the temperature and airflow across the top surface of 
samples during printing and the use of assisted hot air drying plays an important role. 
On one hand, it may enhance ink drying thus increasing the impact resistance of 
previously deposited layers. On the other hand it may have an adverse effect, if the 
drying time between layers is insufficient to completely dry the top surface, by 
hindering crater healing. The component shown in Figure 9.9b was printed using 
assisted drying (hot air blow) and in dots missing printing mode. These two methods, 
discussed in chapter 4, were primarily designed to assist drying of deposited layers 
so that 3D components were printable. However assisted drying and printing in dots 
missing mode were not sufficient to create fully dried top surface layers which are 
strong enough to resist the piercing of ink droplets. Assisted hot air drying increases 
the viscosity of the deposited wet ink and thus restricts ink flow under surface 
tension to recover (or heal) the craters. 
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Figure 9.12a. A fractured cross-section and top surface of un-sintered 
laminate component, printed with ink that does not contain hinder 
(ink 3), showing no top surface craters and no microstructural voids. 
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Figure 9.121). A fractured cross-section and top surface of un- 
sintered laminate component, printed with ink that does contain 
binder (ink 2), showing regular arranged top surface craters and 
severe micro-structural voids. 
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Figure 9.12c. A fractured cross-section of sintered alumina component, 
printed with ink that 
does not contain binder (ink 7), showing no mnicro- 
structural voids. 
Figure 9.13a. Top surface and fracture surface of it laminate cunlponcnt, 
printed with ink that does not contain 
hinder (ink 4), showing top surface 
droplet relics which have similar characteristics to those shown 
in Figure 
9.13b. Compare this with the top surface of Figure 9.12h. 
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Figure 9.13b. One layer (two passes) of ceramic ink printed on acetate 
showing wavy lines which are the boundary of droplets. The ink used 
for printing this sample was ink 10. 
In addition, inter-particle separation distance also plays a role in the resistance of' 
droplet impact. II the particles are in contact throughout, then the inter-particle 
Friction may result in sufficient green strength to resist the penetration by impacts. If, 
however, the particles are sohle distance apart and are dispersed in a viscous 
medium, then the deposited layers are susceptible to penetration by impact. To this 
end, binders with low molecular weight, comparable to that of' the dispersant-FIka 
401, may he used in order to have sul'ticient green strength of' the components fier 
handling but reduce deformation caused by droplet impact. 
Also from a kinematics point cal'view, the kinetic energy ot'droplets (i'). 5 ins'-', where 
in is the mass and v is the velocity) provides the power for droplets to penetrate upon 
impact on the non-fully dried surface. Therefore the level of' penetration can he 
decreased by reducing both the mass and the velocity. The firmer reduces with the 
size of the nozzle used and the latter can he controlled by manipulating the firing 
signal (i. e., reducing the applied voltage and the duration of the pulse). As calculated 
from equation 9.1, the firing velocity of this print head was 10ms which gives a 
kinetic energy of 10.2 x 10-`'. 1. This result is based can an ink density of t)2º)kgm ' and 
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volume of a droplet of 2.1927 x10'7ml. Using the same size of nozzle, the volume of 
a droplet was calculated by Mott [2000]. 
9.2.2.2. Recovery or healing of craters 
The fact that binder content in inks affects the formation of voids is significant 
because it means that defects are related to the ink formulation and the printing 
conditions. As discussed above, elimination or reduction of binder has been shown to 
be effective for some powders such as alumina. However, it is important to note that 
for some ceramic powders such as PZT, it was found difficult to leave the binder out 
as it resulted in heavy sedimentation of the powder due to the high density of the 
powder. In addition, the binder was also found essential to control ink flow along the 
vertical substrate. Therefore, for inks where significant amount of binder has to be 
present, the top surface layer is likely to remain soft during printing (i. e. in a visco- 
elastic state) and the impact of droplets may be able to penetrate the previously 
deposited layers and form "craters". The craters may be able to heal or recover by 
ink flow under the influence of surface tension provided that ink viscosity is 
sufficiently low. The following factors are considered to have an effect on the 
healing or recovery of craters: 
1) Surface tension of inks. 
Surface tension is the driving force for crater recovery because cohesive forces 
require minimising the total surface area of deposited ink. For this to happen, the ink 
in and around the crater will have to flow back into it and flatten the hole. Results of 
surface tension measurements of different ceramic inks showed that (see chapter 4) 
the surface tension of the inks is dominated by that of the solvent used. Since the 
same solvent was used in this work, isopropanol with a surface tension of 21.5mPas 
and similar values were obtained for ceramic inks as shown in Table 4.1, it was 
considered that there was no contribution by surface tension to the crater recovery 
differences showed by the inks. 
2) Viscosity of inks and printing conditions, 
For ceramic inks with low powder content of (- 2 -- 4vol%) and small amount of 
dispersant, the initial viscosity of the inks (i. e. when no solvent is lost) is mainly 
determined by the viscosity of the solvent vehicle and the binder content. Such inks 
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Figure 9.1-1a. A fractured cross-section and top surface of un-sintered 1'Z'f 
component (ink 13) depicting shallow craters and no microstructural voids 
which suggest that the craters have recovered. A wavy top surface that has 
the characteristics of volcanic lava is also shown. Forced drying was not 
used during printing. 
Figure 9.14b. Top surface of a sintered PZT component (ink 11) showing 
un-recovered craters iý hich resulted in severe micro-structural defects. 
Assisted drying used during printing is heIie, %'cd to have hindered healing 
of the craters. 
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are typical of the inks used in this work. Ink viscosity increases with the evaporation 
of solvent and at some point, viscosity will reach a state where it hinders the ink 
flow. Such a high viscosity may be sufficient to resist penetration by the impacts of 
droplets, or the penetration is reduced to a level insignificant to develop into void 
defects. Under this condition, assisted drying (e. g. hot air blow) and/or the missing 
dot printing mode (which reduce the ink deposited per layer hence provide less time 
for drying) can help the prevention of void defects. However, if this is not the case, 
i. e. the viscosity cannot increase rapidly enough before the next layer is deposited to 
prevent the penetration, then the use of assisted drying or missing dot mode printing 
can only worsen the situation as high viscosity hinders crater healing. 
Microscopic examinations of PZT components printed with and without hot air 
drying, shown in Figure 9.14, demonstrated the effect of assisted drying on healing 
of craters. Figure 9.14a shows shallow craters and wavy top surface features which 
are characteristics of ink flow back into the craters hence resulting in the recovery of 
craters. The flow of ink back into the craters is attributed to the absence of assisted 
drying. In contrast, Figure 9.14b shows deep top surface craters which resulted in 
severe defect formation. Note that the formation of craters in a necessary but not a 
sufficient condition to the formation voids. There have been reports [Mott, 2000; and 
Song et al. 1999] of similar situation where craters formed but voids were prevented, 
Song et al. [1999] have reported an interesting case where hot air blow was 
deliberated switched off so that deposition was on a wet surface of zirconia ink. This 
effectively eliminated craters and produced a good surface finish. 
9.2.3. Summary: prevention of the microscopic defects 
The results of the micro-structural defect analysis suggested that the voids originate 
from droplet impact and are only present when the ink used for printing contained 
binder. Two approaches may be adopted to reduce or control the formation of such 
void defects: 
1) Resistance to droplet penetration: If the surface of previously deposited layers can 
be hardened rapidly before a subsequent layer is printed, then penetration by droplet 
impacts is minimised and hence the formation of voids prevented. Binder content has 
been shown to reduce the rate of ink drying. Inks without binder were found to have 
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higher drying rate and components printed with these inks showed no micro- 
structural voids. On condition that rapid drying can be achieved, the use of assisted 
drying with hot air or other methods such as heat radiation, the increase of ceramic 
loading (based on the non-volatile species) and the use of missing dot printing mode 
can all help to prevent the formation of defects. Fine printing nozzles and low droplet 
velocity can also reduce the kinetic energy of droplets and thus reduce the 
penetration of impacts. 
2) For slow-drying rate inks which cannot achieve sufficient strength before a 
subsequent layer is deposited, the impact of droplets can penetrate into the deposited 
material and thus cause craters to form. When such craters accumulate and reach 
certain depth, voids may form. In such a case it is important to maintain the 
flowability of the ink so that the craters can recover and hence defect formation is 
minimised. In this case, the printing conditions designed to enhance ink-drying rate, 
as mentioned above, will have an adverse effect on healing or recovery of craters. 
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"A four nozzle piezoelectric inkjet printer, IBM 3852-2 Color jet, has been successfully 
modified to give adequate resolution for printing continuous surface coverage and to 
accommodate the thickness of 3D components. 
"A number of ceramic powders and an organic gold precursor were used to prepare 
inks and the resulting inks were characterised for powder dispersion, viscosity, surface 
tension and drying rate. The results from the characterisation tests were then used to 
compare the properties of these inks with those of commercial inkjet inks. It was found 
that the surface tension of ceramic inks is mainly dominated by that of the solvent used 
and that commercial inkjet inks have a lower drying rate than ceramic inks. For printers 
such as IBM 3852 with tubular transducer design, viscosity was found to be a 
determining factor in the printability of the inks. Ceramic inks with a viscosity of above 
7.5mPas were found to be unprintable. 
" Printing characterization trials have shown that ink flow, due to gravity, along the 
vertically arranged substrate of this printer caused dimensional distortion of printed 
components. A number of techniques have been tried to control ink flow and these 
included assisted or forced drying by using a hot air station; printing in dots missing 
mode to reduce the amount of liquid deposited per layer and increasing ink viscosity. 
The hot air blow technique was successful in stopping ink flow but the other two 
methods were only successful in reducing ink flow. 
" 3D ceramic components of different shapes and 2D gold films were fabricated by ink 
jet printing. The major findings of each work are summarised below. 
" Alumina/zirconia laminate: Alumina and alumina/zirconia inks were prepared by wet 
ball milling and were then used to print a laminate consisting of strips or tapes of 
different thickness. Although the sintered laminate was free from delamination and 
cracking, SEM examination revealed major micro-structural defects. These micro- 
structural defects were found to be related to the binder and a second laminate printed 
with binder free inks showed no micro-structural defects, 
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" Lead zirconate titanate: Components with intricate shapes were printed with this 
material. These included walls, pillars, z-channels and a network of x-y-z channels. It 
was found that the growth rate in height of the structures depends on its size and 
orientation in the x-y plane. Pillars with smaller diameter were shorter than those with a 
larger diameter but this was not the case for the walls. The one-dot wide walls have 
grown nearly the same height as the multi-dot walls. The cavities of the x-y-z channels 
network remained open after sintering. 
" Barium titanate: The feasibility of printing a multi-layer ceramic capacitor was carried 
out. The sintered capacitor showed a number of flaws. The causes of these flaws were 
discussed. These flaws are not inherent problems of the ink-jet printing system and can 
be rectified if a better quality computer is employed. 
9 An organo-metallic (organic gold) powder was dispersed in methanol and used for 
printing gold conductive tracks. The average thickness of fired gold film was 1.39µm. 
Conductivity test of the gold film has shown that the films were less conductive than 
pure gold. The reasons for this low conductivity of the gold film were investigated and 
the findings discussed. 
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Chapter 11. Suggestions for further work 
It has been proven in this work that inkjet printing can be used to make 3D ceramic 
components of intricate shapes. However the discussions in the preceding chapters show 
that further work needs to done if this technology is to be developed for industrial 
applications. 
The areas of ceramic Inkjet printing which need further study are grouped under the 
following two major topics: 
" The printer system 
" The ink system 
11.1. The printer system 
The printer used for this work was a commercial inkjet printer designed to print one 
layer of two-dimensional image on paper. Printing one layer has a number of important 
differences from building a 3D object by over printing many layers: 
" Ink drying between layers: When over printing many layers the ink has to be quick 
drying between layers so that ink does not flow and hence the component dimensional 
accuracy is optimised. Although ink spreading can happen in both single layer and 
multi-layer printing, accumulation of fluid caused by multi-depostion on the same spot 
and the absence of absorptive solvent removal by the substrate can affect the 
dimensional accuracy of multi-layer printing. This means that slow drying ink, which is 
not suitable for multi-layer printing, may be used for single layer printing. The ability of 
single layer printing to use slow drying inks has important implications for nozzle 
maintenance, i. e., less frequent nozzle blockage and less down time of the printing 
operation. 
. Effect of nozzle blockage: Full nozzle blockage stops deposition of ink and partial 
nozzle blockage causes either droplets to miss their target or to break up in random 
manner and spray over the surface which is being printed on. Hence partial nozzle 
blockage causes dimensional distortion of miniature features. 
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" Detection of a nozzle blockage: For a single layer printing, detection of nozzle 
blockage can be done by visual inspection. The printing area of the substrate is either 
deposited on or not. However when hundreds of layers of the same material are 
overprinted, the first few layers cover the substrate and detection of the deposition 
condition with the naked eye alone, after the first few layers, may not be possible. 
It is the view of the author that inkjet printing as a solid free-forming technique has 
reached a stage where a dedicated machine (printer) is required. Therefore the desired 
characteristics of such a printer are given below: 
" Nozzle size of around 65µm. The reason for this size of nozzle is mainly to reduce 
nozzle blockage. 
" Nozzle and ink reservoir system designed with nozzle cleaning in mind. 
" Automatic nozzle cleaning system. 
" Distance between nozzle and component surface (z-distance) which automatically 
increases with component growth rate. A detection system is needed here. 
" Automatic detection system for partial and full nozzle blockage. 
" Ink stirring system so that sedimentation of ink in the cartridge is avoided during 
printing. 
" Ink drying on the substrate system that does not affect the nozzle, i. e. the drying must 
be shielded from the nozzles. 
" Minimum transverse droplet velocity and lateral printer head velocity. 
" Multi-nozzle printer to increase component forming rate, 
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11.2. The ink system 
Although the inks used this work were printable, the need for further optimisation of 
ceramic inkjet inks exist. The areas where further work should be focused on are as 
follows: 
" The contribution that ceramic inks make on droplet mis-registration and droplet 
spraying and what properties of the inks are responsible for such ink behaviour. 
- Developing inks which reduce nozzle blockage by making use of non-stick agents such 
as silicones. 
" Ink spreading and finding ways to reduce spreading. 
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